
WHOLLY MICROFABRICATED BIOSENSORS AND PROCESS FOR THE MANUFACTURE AND USE
THEREOF 1. FIELD OF THE INVENTION This invention relates to wholly
microfabricated 5 biosensors, methods and materials for the mass production
thereof, and their use in the determination of the presence and/or
concentration of a variety of selected analyte species. In particular, the
integrated biosensors of the present invention may be manufactured by a
process which allows the incorporation of a variety of bioactive molecules,
which bioactive molecules provide the basis of the analytical technique,
through the use bf materials which are compatible with the bioactive
molecules and which materials have been especially adapted for that
purposes.  The integrated 15 biosensors of the instant invention are also
fully compatible with undiluted biological fluids and may be utilized in a
wide range of medical, as well as nonmedical, applications. More
particularly, this invention elates to novel electrochemical assay
procedures and to novel wholly 20 micrfabricated biosensors useful in
determining the presence and/or concentration of biological species
(analytes) of interest. The invention also relates to the novel use ot a
non-electroactive substrate (hereinafter the "substrate") that does not
undergo detectable oxidation or reduction at an electrode's operating
potential, but which substrate undergoes a reaction with a substrate
converter which gives rise to changes in the concentration of detectable
electroactive species, these changes are measured and related to the
concentration of the biological species of interest. Additionally, the
invention pertains to methods for the microfabrication of the biosensor.
The assay procedures and biosensor of this invention are also exemplified
as being useful in effecting immunoassays. Such immunoassays are also
exemplified wherein    the substrate converter is an enzyme (alkaline
phosphatase) that reacts with the substrate (5-bromo-4-chloro-3-indoxyl 



phosphate) to produce changes in the concentration of electroactive species
(dioxygen and hydrogen peroxide) which are electrochemically detected with
the biosensor, an 5 immunosensor in this instance.  Both sandwich and
competitive assays can be effected using the procedures and hiosensor of
the present invention. In these assays, one embodiment of the biosensor
comprises a base sensor comprising a catalytic electrode and optional
reference electrode, an adhesion 10 promoter layer overlaid on the
biosensor, and a bioactive layer that is covalently immobilized on the
adhesion promoter layer, which bioactive layer is a receptor of the
immunological analyte of interest. 2. BACKGROUND OF THE INVENTION Great
effort has been expended in the development of chemical sensors which can
measure the presence and/or concentration of chemical species in blood or
other biological fluids. These sensors can be macroelectrodes
(nonmicrofabricated) of the everyday bench top variety for measuring the pH
of samples, and they may sometimes take the form of microelectrodes
suitable for implantation within the body of a subject. Such devices are
presently made 25 individually or in certain cases by a combination of hand
assembly and manufacturing methods which may include the thin-film and
photoresist techniques currently used to manufacture integrated circuits
(See, for example, Pace, S., sensors and Actuators 1982, 1, 475; Zemel,
J.N. , United 30 States Patent No. 4,302,530 in which is disclosed a method
for fabricating a "substance-sensitive" photodefinable layer over
semiconductor devices, especially ion-selective field effect transistors
(ISFET)). In spite of this considerable and continuous effort, sensors
based upon this ISFET 35 technology have not become common articles of
commerce. The    -3- fact is that wholly microfabricated biosensors, that
is, sensors which are uniformly mass produced solely by thin-film
teciniques and the micromanufacturing methods, useful in the 



clinical setting and adaptable to the detection and measurement of a whole
host of chemical and biological 5 species, have not been manufactured
successfully. It is apparent that the degree of complexity involved with
the mass production of commercially viable biosensors is much more
formidable than even those persons of ordinary skill in the art once
perceived. Of major concern is the 0 compatibility of inherently harsh
physical and chemical processes, associated with existing semiconductor
manufacturing methods, with sensitive organic compounds and labile
biologically active molecules which comprise part of a 15  functioning
biological sensor. An article by Eleccion (Eleccion, M. Electronics 1986,
June 2, 26-30) describes the current state of affairs with regard to
microsensors and makes brief references to active areas of research
including the detection of specific ions, gases, and biological materials.
Progress in the area of field effect transistors 20 (FETs) is noted and
problems and limitations with present manufacturing methods are discussed.
Numerous other review articles describe a variety of electrochemical
devices including ion-selective electrodes (ISEs) and ISFETs which
incorporate enzymes or immunoactive species (See, for example, Pinkerton,
T.C. and Lawson, B.L. Clin. Chem. 1982, 28(9), 1946-1955; Lowe, C.R. Trends
in Biotech. 1984, 2(3), 59-65; Koryta, J. Electrochim. Acta 1986, 31(5),
515-520; DeYoung, H.G. High Tech, 1983, Nov., 30 41-50; Davis, G.
Biosensors 1986, 2, 101-124 and references cited therein). Also, the
general principles of operation of enzyme-based sensors have been reviewed
(See, Carr, P.W. and Bowers, L.D. Immobilized Enzymes in Analyical and
Clinical Chemistry, Wiley-Interscience (1980).  Various mathematical 35
models.of-operation have been examined, including the    -4- external
mass-transfer model by Racine, P. and Mindt, W. Experientia Suppl. 1971,
18, 525. Significant problems and limitations in the fabrication of these
devices remain 



unconquered, however, especially with regard to the fabrication of sensors
intended for the analysis of nonionic species. The mass production of
biosensors based upon ion- selective electrodes (ISEs) would be
particularly useful as these sensors can be adapted easily for the analysis
both of ionic as well as uncharged analyte species. It is also important to
note that in current clinical settings medical practitioners commonly
request that analyses of one or more components of a complex biological
fluid such as whole blood. Currently, such analyses require a certain
amount of processing of the whole blood, such as filtration and
centrifugation, to avoid contamination of the instruments or to simplify
subsequent measurements. Frequently, blood samples are sent to a remote
central facility where the analyses are performed. Patients are thus
deprived of valuable information which, in most cases, is not available for
hours, sometimes days. Clearly, substantial advantages can be envisaged if
analyses on undiluted samples can be carried out and if instruments or
sensors can be produced which can perform real-time measurements. It should
be pointed out that many glucose sensors have been constructed using
nonmicrofabricated or "macro" electrodes (See, for example, Fischer, U. and
Abel, P., Transactions of the American Society of Artificial Internal
Organs 1982, 28, 245-248; Rehwald, W., Pflugers Archiv 1984, 400, 348-402;
Gough, D.A., United States Patent No. 4,484,987; Abe, H. et al., United
States Patent No. 4,515,584; Lunkska, E., United states Patent No.
4,679,562: and Skelly, P., UK Patent Application 2,194,843). However, 35
no aspect of thin-film processing is described in the manufacturing
processes disclosed by the references cited above. The combination of a
layer containing the enzyme urease and an ammonium ion-selective electrode
or an ammonia gas sensing electrode is known in the art.  A recent example
of 



such a diagnostic system is described by Conover, G., et al. in U.S. Patent
No. 4,713,165. In this system, a nitrocellulose membrane is immersed in a
solution of the enzyme urease which is absorbed into the membrane. This 10
enzyme-containing membrane, in its dessicated state, is then mounted onto
the surface of an ammonium ISE. The resulting macroelectrode device is used
to perform a blood urea nitrogen (BUN) measurement in biological fluids,
such as serum, plasma, blood, and the like. 15       Another illustrative
example of the earlier approaches to the manufacture of urea sensors is
described by Williams in U.S. Patent No. 3,776,819. Similar to the previous
reference, a urease layer is coated over a cation-sensitive electrode,
which layer may comprise urease and gelatin, 20 fibrin, or filter paper
pulp. An outer semipermeable membrane made from collosion (a cellulosic
material) or cellophane is common, also. 2.2.  PREVIOUS ATTEMPTS AT MASS
PRODUCTION While the unit cell of a base sensor, typically an electrode,
can be duplicated on a planar surface such as a silicon wafer (See,
Dergveld, P., IEEE Transactions of Biomedical Engineering BME 1972, 19,
342-51), a viable method 30 for the deposition of a complex set of layers
which confers selectivity and sensitivity to the base sensor has not been
demonstrated or shown to be fully compatible with reported integrated
circuit processing techniques. Such complex layers would contain relatively
labile biological molecules 35 such as ionophores, enzymes, antibodies,
antigens or    -6- fragments thereof and are, in general, weak and
sensitive to mechanical agitation.  Although such layers may be applied
onto a water, preventing their inactivation and/or destruction due to
further processing steps is not readily achieved because such processing
commonly includes exposing the wafer to organic chemicals, strong acids and
bases, heat, or subjecting the wafer to mechanical agitation, dicing, or 



scribing, usually accompanied by wash steps which employ low-pressure
water-jets. To prevent the destruction of these fragile layers, it 10 has
been a common practice in the prior art to dice or cut the semiconductor
wafer into individual base sensors before the biolayers are established.
Any additional packaging (e.g., wire bonding the sensor to a connector,
encapsulating the device to provide adequate passivation) is also performed
prior to applying the biologically active layers. Such complete devices
are, therefore, produced only partially in a manner which is compatible
with automated mass production methods. For example, the enzyme urease has
been deposited onto the gate of a single pre-encapsulated ion-selective
field effect transistor (ISFET) (Karube, I. et al., Analytica Chimica Acta
1986, 185, 195-200). European Patent Application No. 0 012 035 provides
ample discussion regarding the deficiencies of current FET devices,
foremost of which is their limited applicability to the analysis of
nonionic species. In an attempt to combine electrochemistry and
semiconductor technology, miniaturized multiple sensors are fabricated on a
single chip. The utility of this reference is limited, however, because the
30 disclosure only speaks in general terms and contains no enabling
description of the critical biolayers and protective barriers which are
critical to the successful microfabrication of functional biosensors. In
fact, only materials such as cellulose and a poly(vinyl chloride) (PVC) 35
layer containing valinomycin (sensitive to potassium ions) or    -7-
nonactin (sensitive to ammonium ions) are specifically disclosed, and the
deficiencies of these materials have been known in the biosensor art for
sometime. Representative articles on the subject of PVC membranes and the
like for use in ISEs abound and include: Davies, D.G. et al. Analyst 1988.
113, 497-500, Morf, W.E. Studies in Analytical Chemistry, Punger, E. at al.
(Eds.), Elsevier, Amsterdam (1981) p. 264; 



Ammann, D. Ion-Selective Microelectrodes, Springer (1986); Oesch, U. et al.
Clin. Chem. 1986, 32. 1448: Oggenfuss, P. et al. Analytica Chim. Acta 1986,
180, 299; Thomas J.D.R. Ibid. 1986, 289; and Thomas, J.D.R. J. Chem. Soc.
Faraday Trans. I 1986, 82, 1135. Also, certain Japanese publications merit
some discussion. Japanese Application No. 61-234349 describes a FET
semiconductor biosensor coated with a solution of enzyme 15 and a
crosslinking agent to provide a crosslinked layer over the entire
semiconductor. Separate applications of commonly used photoresist materials
are then required.to protect desired areas from a subsequent treatment of
protease. Reliance on enzymatic digestion of undesired protein layers 20 is
expected to give unreliable and unsuitable dimensional control. Precise
dimensional control is an important consideration in the mass production of
microstructures. Japanese Application No. 61-283862 discloses a procedure
for fixing an enzyme membrane by applying a polymer solution containing an
enzyme on a solid surface, drying, applying a crosslinking agent to the
resulting film through a mask, and removing noncrosslinked portions of said
film. Again, such a technique fails to take advantage of standard
photoresist 30 technology and can only lead to a poorly resolved pattern.
Another reference, Japanese Application No. 61-254845 employs the typical
approach of immersing sensor elements in enzyme- containing solutions and
then selectively inactivating the membranes. 35 This is the replacement
sheet Date:   6 MAR 1997    2.2.1. PHOTOPATTERNING METHODS The use of
photosensitive synthetic polymers to provide patterned membranes is known.
For instance, glucose oxidase has been mixed with a photosensitive
synthetic polymer mixture consisting of poly(vinyl pyrrolidone) (PVP) and
2,5- bis (4 '-azo-2 '-sulfobenzal) cyclopentanone (BASC) (See, 



Hanazato, Y. et al. Anal. chim. Acta 1987, 193, 87; Hanazato, Y. et al. in
European Patent Application No. 0 228 259). The resulting mixture was then
used to establish a patterned membrane on a single ISFET device. Equal
parts of glucose 10 oxidase and bovine serum albumin (BSA) were used in the
mixture which was irradiated and developed using aqueous 1-3t
glutaraldehyde. In this system, in which the matrix is a synthetic
photosensitive polymer, the authors discuss a number of unsolved problems
including saturation of the sensor response at concentrations of glucose
above about 3 mM and poor long term stability probably caused by enzyme
leakage or degradation in the matrix. A system similar to that described
above has been devised for applying the enzymes glucose oxidase and urease
onto adjacent ISFET gates using a photosensitive synthetic polymer
consisting of poly vinyl alcohol) (PVA) and styrylpyridinium or
stilbazolium salt (See, Takatsu, I. and Moriizumi, T. in Sensors and
Actuators 1987, 11, 309; Ichimura, K. United States Patent No. 4,272,620).
Also, Moriizumi, T. and Miyahara, Y. in Sensors and Actuators 1985, 7, 1
and in an article published in Proceedings, Int'l. Conf. on Solid-State
Sensors and Actuators, 1985, 148, describe the use of these photosensitive
PVA membranes in methods which include spin-coating and injection into
micro pools using a microsyringe. The poor long-term stability of the ISFET
devices obtained with the spin-coated photopatterned PVA membranes was
again acknowledged. The long-term sensitivity of the micro injected layers
tended to be greater due partly 35 to the greater thickness of these layers
and the    correspondingly greater number of enzyme molecules remaining
therein.  However, in order to form the micro pools, into which the PVA
mixtures are injected, a second photosensitive synthetic dry film must
first be laminated onto the ISFET, irradiated, and developed to give the
framed structures. Other references exist which deal with the
immobilization of urease onto electrochemical devices for 



performing a diagnostic test.  A few of these methods involve
pseudo-photolithoqraphic procedures by which the enzyme is incorporated
prior to or after the formation of the polymer 10 layer (See, for example,
Moriizumi, T. et al. in Sensors and Actuators 1986, 9, 373; Kimura, J. et
al. in Proceedings, Int'l. Conf. on Solid-State Sensors and Actuators,
1985, 152; and Japanese Patent Nos. 56-115950 and 62-263457).  These 15
methods as described still fall far short of a viable microfabrication
process. Published Japanese Patent Application No. 62-235556 discloses a
single sensor having three anodes and a common cathode. The sensor is made
with the aid of azo-group- 20 containing PVA, as the photo-bridged polymer.
Glucose oxidase, galactose oxidase, L-amino acid oxidase and alcohol
oxidase are among the enzymes claimed to be immoblized. No description is
included which suggests the use of any material other than synthetic
photosensitive polymers as the immobilization matrix.  Furthermore, any
teaching with respect to the manufacture of hundreds of identical reliable
biosensors on a single wafer is not apparent. 2.2.2. SCREEN PRINTING
METHODS 30       Screen printing of chemically sensitive materials as a
step in a process for the mass production of chemical sensors has focused
mainly on the deposited inorganic ceramic materials contained in certain
organic binders. For example, Oyabu, T. et al., in J. Appl. Phys. 1982,
53(11), 7125, describe the preparation of thick film gas sensors using a
-10- tin oxide paste and a screen printing method. The process includes a
high temperature calcination step which is obviously not compatible with
relatively fragile liquid membrane electrodes or enzyme-based sensors.
Also, Cauhape, J.S. and co-workers, in Sensors and Actuators 1986, 15, 399,
discuss the effect of mineral binders on the properties of - screen-printed
layers of semiconductor oxides. United States Patent No. 4,216,245, granted
to Johnson, L.C., discloses a 



method for making printed reagent test devices using an offset or
silk-screen dot printing method. 10 2.2.3. INK JET METHODS Published
Japanese Patent Application No. 62-223557 discloses a means for
manufacturing an array of different enzyme layers on an integrted ISFFET
device. A hydrophilic porous film is established over the gate on the ISFET
and then an ink jet nozzle is used to deposit enzyme onto the film. This
process utilizes spray type technology with the fluid drop being first
electrically charged and then fired from the nozzle. In this system the
nozzle, fluid drop, and substrate surface are never in a contiguous
physical contact. The diameter of the drops range from 20 to 100
micrometers. Also, published Japanese Patent Application No. 59-24244
discloses a similar membrane deposition process based on ink 25 jet nozzle
technology. 2.2.4. MICROSYRINGE METHODS As already mentioned briefly,
above, Moriizumi and Miyahara have employed microsyringe methods to inject
30 synthetic polymer/enzyme mixtures into the gate regions of ISFET
devices. These previously described techniques rely on ditches or pools to
confine the dispensed fluid within the area of interest. In the article by
Kimura and co-workers (Proceedings, Int'l Conf. on Solid-State Sensors and
35 Actuators, 1985, 152, above), ISFET devices are described in    which
various membrane compositions are deposited with the aid of a microsyringe.
Again, a thick film resist polymer must be employed to delineate the area
about the gate region of the ISFET device. In this manner, four types of
membranes are applied and made separate from one another. No consideration
is given to the volumetric profile of the drop (although a droplet value of
0.03 [err] is given), its surface tension or the free energy of the surface
of the device. Also, it is interesting to note that the injected enzyme
(e.g., urease or glucose oxidase) solutions, which include a 



small amount of BSA, are  immobilized within the gate region by the
subsequent addition of a suitable amount of conventional glutaraldehyde
solution. United States Patent No. 4,549,951 granted to Knudson, 15 M.B. et
al. discusses the criticality of the shape and dimension of the ionophore
layer but offers no insight for controlling these parameters. This
reference teaches the use of a moat, carved around the perimeter of the
electrode, to confine the membrane to that area. Some ion-sensitive
membrane formulations are described. Miyagi, H. et al., in articles which
appeared in Technology Research Report of the Institute. of Electronics and
Communication Engineers of Japan 1986,85(304), 31 and 1985 Pittsburgh
Conference, 1058, describe two membrane 25 deposition methods for ISFET
devices: a screen printing method and a microsyringa method. The first
employed a fine silica powder additive as a viscosity controlling agent and
the second technique once again required a framed structure to hold in the
membrane casting solution which was "poured 30  into the frame with a
microsyringe." In a somewhat related method, Bousse, L.J. et al., in the
Proceedings of the Second Int'l Meeting on Chemical Sensors 1986, 499,
describe a lamination process in which a glass wafer is joined to a silicon
water by anodic bonding. 35 The bonding is carried out such that a chamber
is formed    between the two wafers, the floor of which holds an
electrochemical transducer. A laser is then used to drill holes through the
ceiling of the chamber. Liquid membrane material is then introduced into
the chamber, over the transducer, by applying a coat of the liquid
membrane, placing the laminated wafer into a partially evacuated bell jar,
and then venting the assembly to the atmosphere (thus forcing the liquid
membrane material into the evacuated chamber). It should be apparent that
existing techniques for the 0 uniform microfabrication of an array of
chemical sensors are 



wholly inadequate and provide devices with specifications which are
decidedly unsatisfactory.  Furthermore, what methods exist have been
developed mostly for application with ISFET devices.  Unfortunately, ISFET
and CHEMFET devices will always be plagued with disadvantages which are
present intrinsically, such as their limitation to the detection of charged
species only (See, for example, the review article by Flanagan, M.T. et al.
in Anal. Chim. Acta 1988, 213, 23). 20  The manufacture of miniaturized
amperometric devices is even less established. 2.3. SILANE REAGENTS AND
PERMSELECTIVE LAYERS The use of silane coupling reagents, especially those
of the formula [err] in which R' is typically an 25 aliphatic group with a
terminal amine and R is a lower aliyl group, to attach a macromolecule
covalently to a solid support has been known for some time.  For example,
an article by Weetall, H. in Methods in Enzymology  1976, 44, 30 134-139,
recommends heating the silane coupling agent to [err] to promote the
condensation of the agent with hydroxyl groups present on the surface of
the solid support. A chemically modified platinum electrode has been
described in which [err]-aminopropyltriethoxysilane and glutaraldehyde were
35  used in a step-wise process to attach and to co-crosslink    bovine
serum albumin (BSA) and glucose oxidase (GOX) to the platinum surface (Yao,
T. Analytica Chim. Acta 1983, 148, 27-33). These references do not contain
any teaching that silane coupling reagents can be used for any other
function besides promoting adhesion of overlaid materials or acting as a
covalent anchoring agent. Fujihara and co-workers, in J. Electroanalytical
Chem. 1965,195, 197-201, describes the use of a toluene solution of
n-dodecyltriethoxysilane as a means for blocking the active sites of a
catalytic gold electrode surface toward the reduction of hydrogen peroxide.
The preparation of a permselective layer of variable thickness and its use
to 



screen out undesired electroactive species while maintaining the high
catalytic activity of the electrode surface are not disclosed or suggested.
15       Two published Japanese Patent Applications refer to the
establishment of selective layers on non-microfabricated electrodes.
Japanese Application No. 62-261952 describes the use of certain silane
compounds, for the formation of a silicon layer which excludes the passage
of uric and ascorbic acids but allows the permeation of hydrogen peroxide.
Application No. JP 63-101743, pertains to a hydrogen peroxide permselective
film which is derived from a high polymer film of poly(allylamine)
crosslinked by the action of. a suitable chemical agent. None of the
references cited above discloses patterned permselective silane layers
established on microfabricated devices. 2.4.  FILM-FORMING LATICES 30
Particle latex materials and the distinct "film- forming" latices are old
materials. Methods for producing film-forming latices by emulsion
polymerization, their properties, and some of their uses have been reviewed
(See, for example, Wagner and Fisher Kolloid Z. 1936, 77, 12; 35
Vanderhoff, J.W. and Hwa, J.C. Polymer Symposia Wiley-    -14-
Interscience, New York (1969)). Additional references include:
Whitley,.G.S. and Katz, M.K. Indust. Eng. Chem. 1933, 25, 1204-1211 and
1338-1348; Matsumoto, T. Emulsions and Emulsion Techology Vol. II, Lissant,
K.J. (Ed.), Marcel Dekker, New York (1974) Chapter 9; Encyclopedia of
Polymer 5  Science and Technology Vol.5, John Wiley & Sons, New York (1966)
pp. 802-859; Dillon, R.E. et al. J. Colloid Sci. 1951, 6, 108-117, and
Sheetz, D.P. J. Appl. Polym. Sci. 1965, 9, 3759-3773. A film-forming latex,
ELVACE, containing a potassium chloride reference solution, has been
applied over a reference microelectrode for an ISFET device (See,
Sinsabaugh, S.L. et. al. Proceedings, Symposium on 



Electrochemical Sensors for Biomedical Applications, Vol. 86-14, Conan,
X.N.L; (Ed.), The Electrochemical Society, Pennington, NJ pp. 66-73). This
reference contains no teaching or suggestion that film-forming latices can
be used as a medium containing anything other than an inorganic salt. 20
In summary, attempts by previous workers to manufacture viable biosensors
with all the characteristics and specifications desirable in a reliable
mass-produced microfabricated device have met with limited success. One of
the more important aspects of wafer level processing, that of 25
dimensional control both in the horizontal and vertical directions of a
plurality of layered structures, which dimensional control in turn affects,
inter alia, the uniformity of sensor performance, is irrevocably
compromised when dicing and packaging occur prior to deposition of the 30
biolayers. Manual handling is often necessitated by the fragility of the
immobilizing or supporting layers and the labile nature of the bioactive
molecules contained therein. Previous workers have had to resort to such
methods, however- A flexible wafer level manufacturing process which
utilizes 35 superior materials and which makes possible the accommodation
-15- of such sensitive bioactive molecules in a biosensor which can be
tailored to a variety of clinical applications would be of major
significance. 2.5.  IMMUNOASSAY TECHNOLOGY Immunoassays are sensitive
diagnostic tools for the in vitro detection of a variety of antigens or
antibodies and their association with diseases or other significant
physiological conditions. In the early stages of developing immunoassay
technology, a polyclonal antibody preparation bound to a solid phase was
used in heterogeneous assays whereby a solution of labeled antigen was
allowed to compete directly with antigen in a sample to determine the
extent of bound labeled antigen or to detect the extent of antigen 



present in the liquid phase. This method provided a way for measuring the
presence and quantity of antigen in the sample being analyzed. Developments
in immunoassay technology then led to non-competitive immunometric assays
wherein a polyclonal antibody preparation bound to a solid phase was also
employed. In these assays, a sample containing the target antigen was
contacted with the solid phase to provide for antigen/antibody binding.
Subsequent to an incubation period, the sample was removed from the solid
phase and then 25 the solid hase was washed to remove any unbound antigen.
A solution containing labeled polyclonal antibodies (e.g. with a
radionucleotide, enzyme, or fluorescent moiety) was then contacted with the
solid phase. Unbound labeled antibody in the liquid phase was separated
from the solid phase and bound 30 labeled antibody
(antibody:antigen:labeled antibody sandwich) on the solid phase was
measured to determine the presence and/or concentration of antigen in the
sample. 35    -16- More rapid immunoassay procedures have also been
developed. In these assays at least one of the two washing steps may be
eliminated and incubation periods required to reach equilibrium may be
shortened. In the prior described processes the bound antibody is generally
affixed to beads or small particles. The antibody can also be coated onto a
surface. During the assay an incubation period is generally required of
both the solid phase and labeled antibodies. A prolonged incubation period
is particularly troublesome if results are needed quickly. 0 Additionally,
the long incubation periods and multiple washings have significantly
limited the use of the assays to clinical laboratories, which have highly
trained personnel and sophisticated equipment to undertake the assay.
Consequently, there is presently a need for simpler and more rapid
immunoassay protocols, and simpler apparatuses for use 



in emergency rooms, physicians' offices and even for in-home health care
services. Z.6. COLORIMETRIC ASSAYS 20 Most existing assay protocols,
including ELISA and enzymatic assays, provide for colorimetric detection.
Generally these methods use a substrate which, itself, becomes a
chromophore or which generates a chromophore, the 25 chromophore is then
detected spectrophotometrically. However, the spectrophotometric detection
may have drawbacks because some measurements take an excessively long time
or the sample mixtures are turbid. Some chromophores are also extremely
unstable, thus, assay procedures involving non- 30 chromogenic species may
be useful. Indoxyls and some of their derivatives have been employed as
substrates in spectrophotometric assays. S. Cotson and S.J. Holt (Proc.
Roy. Soc. B 1958, 148, 506) investigated their utilization in the
production of tissue 35 stains to identify alkaline phosphatase activity.
P.L. Ely    and L.K. Ashman (MEthods Enzymol. 1986, 121, 497) studied the
use of bromo-chloro indoxyl phosphate as a substrate for determining the
specificity of monoclonal antibodies to protein mixtures in
alkaline-phosphatase-conjugated anti- immunoglobulin with immunoblots. J.J.
Leary, D.J. Brigati and D.C. Ward (Proc. Natl. Acad. Sci. USA 1983, 80(13),
4045) utilized bromo-chloro-indoxyl phosphate for visualizing
biotin-labeled DNA probes hybridized to DNA or RNA immobilized onto
nitrocellulose i.e., bioblots. S.J. Holt and P.W. Sadler (Proc. Roy. Soc. B
1958, 148, 481) described 10 the application of the conversion of indoxyl
or a substituted indoxyl into the corresponding indigoid dye to
cytochemical staining methods for the localization of cellular enzymes. The
kinetics of aerial oxidation of indoxyl and some of 15 its halogen
derivatives were studied by S. Cotson and S.J. Holt (Ibid. 1958, 148, 506)
as part of their histochemical staining studies for work on enzymes. Their
observations 



agree with the generally accepted view that such aerial oxidation
reactions, involving free radicals, invariably 20 result in the formation
of organic peroxides or hydrogen peroxide, Waters, W.A., The Chemistry of
Free Radicals, Oxford University Press, (1946).  The aerial oxidation of
indoxyls was studied utilizing spectrophotometric methods. All of the above
references, exploited the chromogenic 25 properties of indigoid compounds
derived from indoxyls. Examples of other chromogenic applications of the
oxidative conversion of indoxyl compounds to indigoid dye have included: an
indigogenic reaction for alkaline and acid phosphatase histochemical
demonstration in disk 30 electrophoresis (E. Epstein, P.L. Wolf, J.P.
Horwitz, and B. Zak in Am. J. clin. Pathol. 1967, 48(5), 530); the
comparison of simultaneous azo-dye coupling methods and an indigogenic
reaction for alkaline phosphatase in polyacrylamide disc gels (T.F. Savage,
E.C. Smith, and Collins in Stain Technol. 1972, 35 47(2), 77); protein
blotting principles and applications    (J.M. Gershoni and G.E. Palade in
Anal. Biochem. 1983, 131(1), 1); a sensitive method for staining proteins
transferred to nitrocellulose sheets (Z. Wojtkowiak, R.C. Briggs, L.S.
anilica in Ibid. 1983, 129(2), 486); visualization of antigenic proteins on
Western blots (D.A. Xnecht, R.L. Dimond in Anal. Biochem. 1984, 136(1),
180), a rapid sensitive method for detection of alkaline
phosphatase-conjugated anti-antibody on Western blots (M.S. Blake, X.H.
Johnston, G.J. Russel-Jones, and E.C. Gotschlich in Ibid. 1984, 136(1,r
175); iumunoconCentration - a new format for solid phase ivmmuoassays (G.Z.
Valkirs and R. Barton in Clin. Cheu. 198S, 31(9), 1427); the use of
alkaline phosphatase conjugated anti-iimmnoglobulin with imwanoblots for
determining the specificity of uonoclonal antibodies to protein mixtures
(P.L. Ey and Leonie K. Ashman in Methods Enzvaol. 1986, 121, 497); and work
involving the coupling of redox and enzymatic reactions which has been
found to improve the sensitivity of the ELSK-spot assay (C. Franci and Z. 



Vidal (J. lxunol. Kethods 1988, 107(2) t 239). Again, all of the preceding
references rely exclusively on the spectral properties of
bromo-ohloro-indoxyl phosphate as a colorimetrin- substrate. 2.7. WEL2TROC=
CAL SINSORS AND ASSAY .25      There has recently been a significant
interest in the construction of electrochemical sensors, so-called
3Umunosensors, that are capable of integration into immuzaossay protocols.
N.J. Green (Philos. Trans. t. SOc. Lond. B. BiOl. Sci. &987, 316(1176),
135) has reviewed 30 several i~mUnoassays that incorporate electroactive
labels for the amperometric or potentiometric detection of assay products.
However, the translation of working laboratory prototypes, as reported in
the book, giosensors: Fundakentals and ApPlication, edited ty A.P.T.
Turner, I. 35 Tls Ls the replacement shet Date:   -6 IA&S 991    -19-
Karube, and G.S. Wilson, Oxford University Press, 1987, into common
commercially available articles, has been impeded by the absence of
appropriate manufacturing protocols. A specific example of electrochemical
detection as an alternative to color detection is described in Anal. Chem.
29S4 56, 2355. The reference discloses an assay in which an enzyme label
converts an electroinactive compound to a detectable electroactive
compound. The electroactive compound, phenol, is oxidized at a potential of
+750 mv. 0However, the method is not generally applicable since other
electroactive components are present in blood or serum which are also
oxidizable at this potential. A very recent reference which illustrates the
prevailing notions ingrained in those skilled in the art of
"immunoelectrochemical sensing' is that by. Rosen, I. and i5 Rishpon, J. in
2. Electroanal. Chem, 198 158, 27.  In this article, an enzyme is used as a
label which is capable of 



transforming a substrate, which is not electroactive, to one which is. Zx
particular, alakaline phosphatase is the enzyme employed. Several
substrates are examined, including phenylphosphate, pRnitrqphemy1phosphate,
and g- aminophenylphosphate. In the electrochemical detection method
described, the alcohol products, resulting frau the hydrolysis reaction
catalyzed by the enzyme (i.e. phenol, 25  -nitrophenol, and E-aiUnophenol,
respectively), themselves, are detected. The viability of detecting other
electroactive species, besides the transformed substrate, is not suggested
and, indeed, is never contemplated. Also, European Patent Applications Nos.
0247796 and 30 0270206 describe methods for conducting imunoassays which
involve primarily moveable magnetic particles.to which are bound
immunoactive molecules. Enzyme conjugates are described which generate
electroactive species such as H 202. However, the principal means of
detection involves 35 This is the replacement sheet Date.:  -6MAR 1997
-20- chemiluminescence and, in any event, indoxyl compounds are not
mentioned and -no microfabricated sensing devices useful in
performing'immunoassays are disclosed. 3.  SUMARY OF THE INVETIOrN The
present invention relates to wholly microfabricated biosensors and various
processes for the mass microfabrication thereof. The aicrofabrication
processes establish a plurality of thin films and related structures over a
planar wafer in a fashion which allows exemplary 10 reproducibility and
control over the dimensional features of the overlaid structures. In the
present invention, such reproducibility and dimensional control have been
realized at the wafer level for the mass production of chemical sensors,
which sensors incorporate biologically active macromolecules and other
reagents necessary for the conversion of selected 



analyte molecules to more readily detectable species. This invention also
relates to novel electrochemical assay procedures and to novel wholly
microfabricated biosensors useful in determining the presence and/or
concentration of biological species (analytes) of interest. The invention
also relates to the novel use of a substrate (hereinafter the 4substrate')
that does not undergo detectable electrochemical oxidation or reduction but
which 25 undergoes a reaction with a substrate converter producing changes
in the concentration of electroactive species. These changes are measured
and related proportionately to the concentration of the analyte of
interest. Additionally, the invention pertains to methods for making 30 the
biosensor. The assay procedures and biosensor of this invention are
particularly exemplified as being useful in effecting immunoassays- such
immunoassays are also exemplified wherein the substrate convertor is an
enzyme that 35 hydrolyzes the substrate. This hydrolyzed substrate can To,<
is tre replacement sheet Date: - 6 MAR 1997    then undergo reactions which
produce changes in the concentration of electroactive species (dioxygen and
hydrogen peroxide) which are electrochemically detected with the biosensor,
a ligand/ligand receptor-based (LUi- based) biosensor in this instance.
Both sandwich and competitive assays can be effected using the procedures
and LLM-bazed biosensors of this invention. In these assays, one embodiment
of the present biosensor comprises a catalytic electrode and optional
reference electrode (base sensor), an adhesion promoter layer overlaid on
the biosensor, and a bioactive layer that is imobilized on the adhesion
promoter layer, which bioactive layer is a receptor (first member) of the
immunological analyte of interest. The wholly microfabricated biosensor of
the present 



invention comprises a substantially planar wafer on which a first structure
comprising a suitable base sensor is established. Additional structures are
then established over the resulting base sensor, which additional
structures include a sempermeable solid film or permselective layer capable
of acting as a barrier against interfering chemical species. while allowing
the transport of smaller detectable chemical moieties of interest. These
detectable chemical moieties are typically electroactive molecules and may
25 include low solecular veight ionic species. The semipermeable solid film
may further comprise compounds or molecules which may serve to sensitize
the base sensor to a preselected ionic species (e.g., ammonium ion).
Further- more, such permselective layers may also function as adhesion 30
promoters by which the preselected liqand receptor may be imobilized to the
wholly aicrofabricated LLR-based biosensor embodiment of the present
invention. Most noteworthy are the support matrices described in the
instant invention which matrices possess the physical and 36 chemical
features necessary to support the various bioactive This is the replacement
sheet Date:  ,     199?    -22- molecules that constitute the principal
means for converting the particular analytes in a given analytical sample
into detectable and/or quantitatively measureable species. Techniques are
disclosed for localizing or patterning said matrices on certain desired
areas of the wholly microfabricated biosensor which allow for the optimum
control over dimensional features of the biolayers as well as the
versatility to accommodate a wide range of bioactive molecules.
Additionally, the present invention also discloses materials which serve,
in particular embodiments of the instant biosensor, as overlaid structures
for the attenuation of the transport of selected analyte species which are 



present in high concentrations in the sample. Such analyte attenuation (AA)
layers allow for a linear Sensor response over a wider range of analyte
concent&ratons than would be observed in the absence of an AA layer.
Furthermore, the overlaid AA layer, which is preferably derived from a
siloxane/nonsiloxane copolymer, is capable of excluding very large
molecules or other contaminating constituents of..the sample whose direct
contact with the underlying structures would result in interfeence-with or
fouling and an eventual reduction in the reliability of the biosonsor. If
the AA layer is of the appropriate structure and composition, it say also
function as a gas permeable 25 membrane. In certain embodiments of the
present invention, such a gas permeable nembrane.has the practical
advantage of allowing only very small molecules to pass through. The gas
permeable membrane also insulates the immediate environment of the
electrode portion of the biosensor from external fluid turbulence. Thus,
the measurements performed by the preferred LLR-based sensor is rendered
free of flow dependence. 35 This is the replacement sheet Date:    6 MAR
1997    -23- The AA layer of the instant invention is established on the
substrate wafer or any intervening structures with the kind of dimensional,
localized, and geometric control which is compatible with the other steps
in the overall aicrofabrication process of the instant invention and the
notion of an automated, wafer-level mass-production of biosensors. Quite
apart from the AA layer mentioned above, a semipermeable solid film Which
is able to function as a molecular weight-sensitive transmissive film is
among the layers which can be established by the methods of the present 



invention. Depending upon the composition and final - thickness of this
semipermeable solid film1, also referred to as a peraselective layer,
molecules having molecular weights above a given threshold can be
effectively excluded from entering and diffusing through such a filt. As a
general illustration of the function and utility of this permselective
layer, molecules having a molecular weight of about 120 or above are
effectively blocked by a solid film 20 having a thickness of about 5 to
about 10 nm. varying degrees of control over the size of the molecules
excluded and the rates of transport of smaller molecules which are able to
diffuse through the solid film can be obtained with solid films having a
thickness in the range of about 2 to about 50 nm. With certain types of
materials, these permselective layers may be as thin as 1 nu or may be as
thick as 100 nm. This film may be established on the substrate wafer or any
planar analyte-sensing device in a number of ways but 30 most conveniently
as an initial liquid film, comprising a silane compound mixed with a
suitable solvent, which is spin-coated across the wafer. The silane
compound has a formula, R nSi(OR)4-n, in which n is an integer which may be
0, 1, or 2, RI is a hydrocarbon radical comprising 3-12 35 carbon atoms,
and R is a hydrogen radical or a lower alkyl ; si M  replacement sheet
Data:  - 6 MAR 97    -24- radical comprising 1-4 carbon atoms. Preferably,
the solvent contains an amount of moisture sufficient to hydrolyze the
alkoxy groups of the silane compound, if present. The wafer bearing the
liquid film is then heated to a temperature of about 90-250'C for a period
of time effective to form the solid film.  Typically about 5 to 30 minutes
of heating at this temperature is required. The non-volatile content of the
initial silane solution determines the final thickness of the permselective
layer which can thus be controlled. 



If desired, this permselective layer may be formed at specific preselected
areas of the device by means of photolithographic processing techniques.
Tedhniques such as "lift-off' and use of a photoremist cap in combination
with a plasma-etching or, alternatively, a wet-etching step may thus be
employed to define the location and configuration of the semipermeable
solid film. The initial liquid silane mixture, much like the majority of
other liquid mixtures disclosed for use in the present invention, can also
be microdispensed at multiple preselected areas of the sensing device. Such
microdispensing of fluid media may be performed automatically and in
uniform predetermined quantities by a computer- controlled syringe
interfaced with the controlled movements of a vacuum chuck holding the
substrate wafer. Such aicrodispensing techniques are consistent with a 25
aicrofabrication method and is discussed in further detail below. Thus, in
an amperometric electrochemical sensing device, interfering electroactive
species having a molecular weight above a desired threshold (e.g., above
120) may 30 effectively be excluded from interacting with the catalytic
electrode surface by employing the permselective silane layer of the
present invention.  Such a permselective layer, however, allows lower
molecular weight electroactive species, like dioxygqn and hydrogen
peroxide, to undergo a redox 35  reaction with the underlying electrode
surface. This is the replacement sheet Date:    - D5 Ohs h997    -25- In a
potentiometric biosensor, a polymeric material having functional groups and
chemical properties conducive to the further incorporation of certain
ionophoric compounds may be used as a semipermeable ion-sensitive film
Which is established on the indicator electrode of said sensing device. The
development of a potential at the electrode-filu interface depends on the
charge density, established at 



equilibrium, of some preselected ionic species. The identity of such ionic
species is determined by the choice of the ionophore incorporated in the
semipermeable film. An enzyme 1  which is, in turn, immobilized in the
novel hiolayers described herein catalyzes the conversion of a particular
analyte species, present in the analytical sample, to the preselected ionic
species. The permeelective layers discussed above are selected 1  for their
specificity to the ionic electroactive chemical species which are produced
by chemical processes taking place in the overlaid structures referred to
herein as the biolayer. The chemical process which converts a selected 20
analyte species or exogenous reagent into an ionic electroactive chemical
species is effected by at least one biologically active molecule, such as
an enzyme, which is incorporated in the biolayer. The support matrices of
the biolayer and methods of the instant invention help to 25 stabilize the
bioactive molecules against degradation caused by further processing,
storage, handling, or exposure to analyte or reagent compositions. These
support matrices must retain a certain degree of porosity such that
analytes of interest may freely diffuse through the matrix and undergo 30
chemical transformation. Because the wholly microfabricated biosensors of
the instant invention are likely to be stored essentially dry, such
porosity will also help in the initial wet up and calibration sequence used
to prepare the biosensor for the actual-analytical procedure. If the
sensitivity of 35 the bioactive molecule so dictates, the support matrix is
This is the replacement shiet Date:    -26- also able to accept and
immobilize enzymes introduced, for instance, from a solution after the
matrix has been established locally and/or photolithographically patterned
and developed. In any event, a sufficient amount of biocatalyst and/or
ligand receptor must be present in the 



biolayer to overcome any inactivation due to subsequent processing or
handling, or due simply to the passage of time during storage. Sufficient
biocatalyst/ligand receptor should also be immobilized to provide a
favorable condition for the efficient and ready conversion of infusing
analyte molecules. Thus, the biolayer of the present invention comprises a
sufficient amount of a bioactive molecule capable of selectively
interacting with an analyte species and a support matrix in which the
bioactive molecule is 15 incorporated, which matrixt ay be a photoformable
proteinaceous mixture, a film-formitg latex, or combinations of these
materials. As mentioned previously, the analyte species must be able to
freely permeate through the support matrix and interact With the bioactive
molecule contained therein. A variety of additives disclosed above may be
added 20 to the support matrices to further achieve desirable functional
and-structural, characteristics not inconsistent with the objectives of the
present invention. As alluded to earlier, these biolayers are established
25 with the dimensional and geometric control characteristic of wafer level
manufacturing procedures. Thin-film techniques, spin-coating, use of
photoresist materials,, asting, exposure to radiant energy, and developing
methods can be utilized for the majority of biologically, active molecules.
For the 30 preceding techniques, photatormable proteinaceous mixtures are
most conveniently used as the support matrix. If necessary, however,
extremely labile enzymes may be introduced later, after the photodefined
structures have been established. Such support matrices may also serve an
35 electrolyte layers, as well as the photoresist layers over i's tte
replacement swaeet Date:  ^ 6AR.199?    which the ligand receptors of
interest may be immobilized. Preferably, the immunoreactive species or
ligand receptors are introduced after the photodefined structures have been
established. 



Alternatively, film-forming compositions, which may include synthetic as
well as naturally-derived polymeric materials, can be used to establish the
solid matrices especially when zicrodispensing is the method of choice for
establishing the biolayers. Combinations of photoforzable gelatins and
fila-forming latices may be employed. Again, reagents or additives may be
incorporated into these layered structures as night be dictated by the
particular application or-analysis at hand. The present invention thus
relates also to a method of establishing a dispensed layer onto a
substantially planar surface.  This method succeeds in providing layers
having predictable and reproducible dimensions by adjusting the composition
of a fluid to be dispensed, until its surface tension and viscosity
characteristics are optimized, providing a movable microsyringe assembly,
and using the assembly in a manner which allows for close control over the
amount of fluid dispensed. Furthermore, the microdispensing method
disclosed herein may be coupled effectively with known Atechniques for
altering the free energy of a given surface 25 such that the physical
characteristics of the established layer (e.g., contact angle, thickness,
volume, or area) may be tailored even further to accommodate a desired
application. Additional layers may also be desirable as mentioned 30
previously to enhance the eansitivity and response time of the device,
extend the range of a linear response, and increase the durability of the
overlaid structures. In the case of an analyte attenuation layer, certain
copolymers comprising siloxane and nonsiloxane units may be employed 35
advantageously. These materials may also be layered or This is the
replacement sheet : 6 MAR A99    -28- established at a given thickness,
anywhere from about 5 to about 500 nm, and-may be localized by
photolithographic 



methods. Typically, the analyte attenuation layer should have a thickness
sufficient to attenuate the transport therethrough of analyte species
having a molecular weight of about 120 or more. As stated previously, these
AA layers may also be established at a thickness sufficient to provide a
gas permeable membrane. In connection with the photoforming step, a "resist
cap" method may be employed, for instance, using a type of photoformable
proteinaceous mixture which is also a nonbarrier (i.e., it does not impede
or exclude the transport of relevant analyte species). These and additional
objects of the instant invention are apparent from the disclosures and
examples included herein. is 4. BRIEF DESCRIPTION OF THE FIGURES The
invention may be better understood if reference is made to the accompanying
drawings. These drawings, 20 especially the schematics of the wholly
microfabricated sensor structures, are qualitative and topological in
nature and are not meant to convey absolute dimensional relationships
between the various layers or parts of the biosensor. 25       FIG. I Top
elevation of a differential amperometric glucose sensor on a 6 x 3 =m
rectangular silicon chip. The significance of the different layers is
discussed further in Section 5.1, below. The same general configuration way
also be employed for the LLR-based biosensor embodiment of the 30 present
invention. Alternatively, FXG. 1 may also illustrate a differential
amperometric LLR-based biosensor on a 6 x 3 mm rectangular chip. The
various areas/layers of the chip refer to contact pads (1), signal line
(2), passivation (3), silver/silver chloride reference electrode (4), metal
35 This is the replacement sheet Date:&       Mis     -29- 



catalytic indicator electrode (5), adhesion promoter (6), or localized
adhesion promoter (7), coupling means (B), and ligand receptor layer (9).
PIG. 2 Side elevation of one, of the glucose sensor pair of FIG. I with
surrounding silver/silver chloride reference electrode. FIG. 3 Side
elevation of a potentiometric blood urea nitrogen (BUN) sensor and
reference electrode. FIG. 4 Top elevation of the sensor of FIG. 3 showing
an array of different biosansors on & single chip. 0FIG. 5 Current output
(in namps) of the present glucose sensor (oxidation/reduction of hydrogen
peroxide) as a function of electrode potential (Wv) using a 20 aM glucose
in HPES buffer sample (0) or HEPES buffer only (X). FIG. 6 Current output
(in nuaps) of the present glucose sensor as a function of glucose
concentration (Mg) in the sample. FIG. 7A An alternative embodiment of an
amperometric oxygen sensor of the instant invention which utilizes a gas
permeable layer. This configuration is also vell-suited for the  ELR-based
biosensor application of the present invention. In the LLU-based Event, he
electrolyte layer (12) is also the first photoresist layer; the gas
permeable hembrane (1') (also referred to as the AX or gas permeable layer)
is established over the first photoresiut layer; and the 25 photoresist cap
(9, also the second photoresist layer) is present above.the Ak layer. FIG.
7B The diagram illustrates a contiguration in which the gas permeable layer
substantially encloses an 30 underlying electrolyte layer (or first
photoresist layer in the LLR-based biosensor embodiment). FIG. SA An
alternative configuration of a glucose biosensor based upon the dioxygen
sensor described herein. 35 t s ii-e ropiacement 0"it Deto - 6 t4AfR 1991



-30- FIG. SB A Ligand/Ligand Receptor-based (LLR-based) biosensor with
immobilized ligand receptor or iumunoreactive species (45). The underlying
sensor configuration is derived from that of FIG. 7B. This illustration
also employs coupling means (40) to immobilize the active species (45).
FIG. 9 Uniformity of the response of three blood urea nitrogen (BUK)
sensors, wholly microfabricated by the process of the present invention, to
a change in the ammonium ion concentration of an aqueous sample from 2 to
20 =M. FIG. 10 Response of the present BUR sensor to a change in the urea
concentration of an aqueous solution from 1'to 10 UM. FIG. 11 Response of
the present BUN sensor to a whole blood sample spiked with urea. 1s
FIG. 12 An illustration of ope possible configuration of the automated
microsdispensing system of the present invention in which syringe (5),
holding the material to be dispensed, is attached to a means, (X), for
controlling its displacement in the direction, z, while wafer, (2), is held
to a vacuum chuck, (1), whose movement in all directions is, likewise,
controlled by an automated, computerized means. The system may also include
a visual means for alignment (e.g., video camera equipped with a raticle
alienable with appropriate alignment features on the wafer). 25       FIG.
13  An alternative configuration of the automated microdispensing system
comprising multiple syringe holders, (7). The syringes are inserted into
openings, (13), and the vacuum chuck and wafer are positioned below the
ring, (11), and through large opening, (12). 30       FIG. 14  A schematic
rendering of a typical sandwich assay performed using the present invention
is shown. An immobilized ligand receptor (the first member) is positioned
near the surface of the biosensor and encounters an analyte molecule (the
ligand). The ligand binds to the receptor and 35 is subsequently attached
by an antibody-enzyme conjugate (the T!'iDa'eis IS brieaelemnt she D a
tes MI8  



-31- labeled antibody or the second member). A substrate is added next
which undergoes a chemical transformation mediated by the enzyme (the label
or substrate converter). The resulting intermediate product then undergoes
a cascade of reactions involving the consumption of dioxygen and the
production of hydrogen peroxide (both 02 and H202 are detectable,
electroactive species) and final product (indigo when the initial substrate
is an indoxyl derivative). FIGS. l5a-lSe illustrate the effect of
pretreating the electrode surface to alter its surface free energy 0
characteristics.  The contact angle, 6, of a microdispensed fluid, and
eventually, the thickness of the membrane layer above the electrode, is
thus controlled. FIGS. 16a-16c show various embodiments of microdispensed
biolayers including qne which has a large contact angle (FIG. 16a), one
with a small contact angle (FIG. 1Gb), and one which has subsequently been
subjected to a photopatterning step (PIG. 16c). S,  DETAILED DESCRIPTION OF
THE INVENTIO1 The present manufacturing method is directed to the mass
production of biosensors having predictable, uniform response
characteristics and which bios ensors are useful in a clinical setting for
the convenient and real-time detection and quantitative measurement of
selected analyte species. The integrated biochemical sensing device is
formed on a transducer array by establishing discrete layered structures
which are robust and possess a controlled degree of porosity, at least one
of which layered structures is capable of 30 immobilizing one or more
biologically active species. The term biologically active or bloactive
molecule is used to encompass ionophores, ion-exchangers, enzymes,
antibodies, antigens, lsctins, neurochemical receptors, -oligonucleotides,
polynacleotides, polypeptides, molecules of DNA, molecules of 3S RNA,
proteins, glycoproteins, metalloproteins, cofactors, T -. hi; tA, r~p
aset|hSmV( sh 



Darn   MAR 1N7    -32- immunoglobulins, and other macromolecules of
physiological significance including mixtures or active fragments or
subunits thereof. The term biocatalyst may also be employed especially with
reference to an enzyme, enzyme-complex or mixture thereof. In general, a
broad class of ligand receptors may be immobilized and used in the present
biosensors. The steps comprising the method of this invention, as well as
the materials disclosed which may be used to establish the discrete layered
structures of the present 10 microfabricated device, retain a surprising
degree of flexibility and versatility such that a wide range of analyte
species may be selectively examined. Furthermore, the microfabricated
sensing device, or biosensor for short, is available for the analysis of
most liquid samples including biological fluids such as whole-blood, lymph,
plasma, serum, saliva, urine, stools perspiration, mucus, tears, cerebro-
spinal fluid, nasal secretion, cervical or vaginal secretion, semen,
pleural fluid, amniotic fluid, peritoneal fluid, middle ear fluid, joint
fluid, gastric aspirate or the like. It should also be understood that
solid or dessicated samples may be dissolved in an appropriate solvent to
provide a liquid mixture suitable for analysis. A second and related part
of the invention is a means 2S of photodefining optional additional layers
over the active layer to protect it from contact vith any deleterious
components of the analytical sample or solution containing the analyte
(i.e., the species to be analyzed or determined). In certain cases, such
additional layers serve to attenuate 30 the transport of the selected
analyte into the biologically active layer, particularly when the selected
analyte is present in high concentration in the sample. In so doing, the
effective range of analyte concentrations in which the biosensor has a
linear response is extended to higher values. 



Such analyte attenuation (AA) layers can also impair the This is the
replacement sheet Date:  - 6       7AR     -33- responsiveness of the
resulting sensing device and, therefore, their thickness must be carefully
considered and controlled. Where the concentrations of selected analytes in
the sample are not so great as to result in a nonlinear sensor response,
such AA layers need not be established. In certain embodiments of the
invention, this AA or gas permeable layer, in addition to attenuating the
transport of certain analytes or electroactive species, is also responsible
for -insulating the response of the sensor against the effects of sample
turbulence or flow. Having a sensor response which is less sensitive to the
external sample flow provides a more reproducible, reliable signal, and
such a configuration is preferred particularly for the LZR-based biosensor
embodiments described further herein. Furthermore, a semipermeable Volid
film has also been 1 discovered, which solid film may be established and
patterned (photodefined) over preselected areas of a chemical sensing
device. This permselective layer is able to act as a barrier against the
intrusion of interfering electroactive species While the desired
electroactive species may freely diffuse through said film. In a particular
embodiment of this invention, the permselective layer is derived from a
silanizing agent. typically, a relatively stable silane precursor is
dissolved or mixed in a solution which is able 25 to hydrolyze at least two
of the groups attached to the central silicon atom of the silane precursor.
The resulting reagent solution is then established as a film across the
wafer or localized over preselected areas of the wafer or base sensor. A
semipermeable or permselective layer is then 30 obtained under carefully
controlled heating conditions.  The permselective properties of the layer
are governed, in part, by the thickness of the layer which is, in turn,
dependent 



upon the nature and amount of silanizing agent employed as well as the
method used to establish the film. Whenever 35 desirable, mixtures of
silanizing agents may be employed. This is the replacement sheet Date:
M HAIR Be    -34- By eliminating most interfering electroactive species,
fewer corrective measures are needed and the result is an operationally
simpler device. Moreover, the base transducer, which frequently comprises a
catalytic metal surface, may be heated in the presence of
said.permselective layer, to temperatures in excess of about 150'C to about
250C.  This deliberate heating step provides an enhanced responsiveness of
the base sensor to the primary electroactive species of interest (e.g.,
hydrogen peroxide or dioxygen) while maintaining the exclusionary nature of
the solid film towards 10 interfering electroactive species of higher
molecular weight (e.g., uric acid or ascorbic acid) In particular
embodiments of the present invention, the transduction of the analyte
concentration into a processable signal is by electrochemical means., These
transducers nay include apperometric, potentiometric, or conductizetric
base sensors.  However, the aicrofabrication techniques and materials of
the instant invention may clearly be applied to other types of transducers
(e.g., acoustic wave sensing 0devices  thermistors, gas-sensing electrodes,
field-effect transistors, optical and evanescent field wave guides, and the
like) fabricated in a substantially planar manner. A useful discussion and
tabulation of transducers which may be exploited in a biosensor as well as
the kinds of analytical 25 applications in which each type of transducer or
biosensor, in general, may be utilized is found in an article by
Christopher R. Lowe in Trends in Riote ch1 134, 2(3 , 59-65. The
disclosures and descriptions contained in this Lowe article are
incorporated by reference herein. Of the three 30 electroanalytical
techniques mentioned earlier, the 



potentiometric and amperometric techniques are preferred because the output
signal may most easily be related directly to the response of the base
sensor to a particular analyte. 35 -i: -ns is re roplacement sM-st Oat,:
6 MAR 9g1    -35- Specific examples directed to the production of
potentiometric an4 amperometric type biosensors are found in the Examples
section of the present disclosure. Herein are illustrated the various
aspects of the invention which combine to yield a viable.manufacturing
process for an array of biosensors, for use in the analysis of undiluted
biological samples. Preferred embodiments of an amperometric glucose sensor
and a potentiometric urea sensor are described further. These sensors are
useful for analyzing the concentration of glucose and urea, 10
respectively, present in a given sample (e.g., venous blood). Various other
sensors are likewise disclosed, including an embodiment especially adapted
to perform immunology or affinity-based analyses, for the detection and
measurement of analyte molecules of physiological Significance, along with
descriptions of modified configurations made possible by the present
discoveries. More particularly, this invention also relates to novel
electrochemical assay procedures and to a novel Wholly aicrofabricated
LLR-based biosensor useful in determining the presence and/or.concentration
of selected biological (analytes) species of interest. This aspect of the
invention relates to the discovery that a non-electroactive substrate
(hereinafter the Osubstrates), which does not undergo detectable
electrochemical oxidation or reduction at an electrode at operating
potentials which are accessible in aqueous based systems, but wbhich
undergoes a reaction with a substrate converter to form an unstable
intermediate. The 



intermediate undergoes rapid auto-oxidation causing changes 30 in the
concentration of electrochemically detectable species. These detectable
species include dioxygen and hydrogen peroxide. The changes are measured
and related to the concentration of the analyte of interest. 35 This is the
replacement seRet Date:  - 6  AR FAt    -36- Such novel assay procedures
and LLR-based biosensor are useful in detecting the presence of, or
monitoring the level of, one or more analytes in a mixture at a particular
concentration, in the presence of potentially interfering substances. As
mentioned previously the presence or absence of a particular analyte is
determined from the extent of a specific binding interaction between an
analyte and the first member (a capture receptor). The binding interaction,
itself, is detected when a second member (the detection receptor), which is
conjugated with a label (substrate 10 converter), reacts with a substrate
to give rise to the production and/or consumption (change in concentration)
of detectable species (e.g., hydrogen peroxide or dioxygen); See Pigure 14.
These concentration changes are electrochemically detected using the
apparatus and assaying, procedures of this invention. .In particular eoent
of the present invention, labeled analyte species may also be employed in
'competitive assay" procedures. In a preferred embodiment of the present
invention, a conjugated enzyme is used as the substrate converter (label)
to effect a change in the concentration of the electroactive species. The
enzyme nay be conjugated to the analyte. Any change is detected
electrochemically and related to the analyte of interest. In particular,
the invention pertains to the preferred use of the enzyme alkaline
phosphatase as te liabel and an indoxyl phosphate derivative as the
substrate. However, it is apparent to one of ordinary skill 



in the art that the present invention is not so limited. In the general
case, an esterase or hydrolase can be used to 30 hydrolyze any indoxyl
ester as long as the product undergoes rapid auto-oxidation. In yet other
cases, the reaction of the enzyme with the substrate itself produces such a
change in the concentration of electroactive species. 35 This is the
replacement sheet Date: -    ; ? 3g7    -37- More particularly, but not
exclusively, the invention is concerned with electrochemical immunoassay
procedures and devices to determine analytes of interest. In this regard,
an enzyme-labeled antibody or an enzyme-labeled antigen reacts with a
substrate to effect a change in the concentration of electroactive species
that is susceptible to electrochemical detection. In addition, since the
enzyme- labeled antibody or enzyme-labeled antigen species is bound
respectively to a complementary antigen or antibody species 10 in a
biological sample, the electrochemically detected enzyme reaction,
therefore, provides for the qualitative or quantitative determination of
species of interest. Specifically, this invention pertains to the reaction
of the non-electkoactive indoxyl phosphoric acid ester, which is the
substrate, with an alkaline-phosphatase labeled goat anti- human
Immunoglobulin G (antibody) or with an alkaline- phosphatase labeled
theophylline (antigen). These two reactions are associated with
sandwich-type or competitive- type immunoassay methods, respectively. It
should be noted that the invention exemplified 20 herein also extends to
other assay systems. Theoretically, any ligand/ligand: receptor, pair in
which at leapt one member can be immobilized onto the present biosensor can
be incorporated into an assay procedure. Table II (section 25 5.2.2) lists
just a few examples of such ligand receptor/ligand pairs. Furthermore,
other substrates, whose 



reaction with the label, or subsequent auto-oxidation, produces and/or
consumes dioxygen or hydrogen peroxide may be readily contemplated. The
invention is, therefore, not 30 limited to the use of a phosphatase enzyme
as the label, as already mentioned, because other hydrolases and labeling
enzymes which are capable of reacting with a reagent to effectuate a change
in the concentration of electroactive species are equally suitable (SfM,
for eXaMple, Table All. 35 Again, it must be stressed that, while the
invention is - i Relacement sOeet Data: -  t;AIt 1i9    -38- described with
reference to immunoassay procedures and with an immnological assay
apparatus, it is also submitted that other types of specific binding
reactions, such as those between other complementary binding species (e.g.1
enzyae/aetabolite, lectin/polysaccharide, and nucleic acid
oligomer/anti-oligomer) are also detectable employing the aforesaid
electrochemical assay procedures and devices (See, for example, Tables I
and III). The present invention, therefore, provides processes and devices
for performing simply and rapidly analyte- 10 receptor assays, for example
iAmuno- and immunometric assays, which utilize an electrochemical sensor,
and which do not require lengthy incubation steps. The electrochemical
procedure and apparatuses described herein for the detection of phosphates.
(label) activity are also highly specific and relatively sensitive. In
addition, chrowagenic and turbidimetric interferences are eliminated due to
the nature of the detection system. The use of enzyme labels in the assay
together with a non-electroactive enzyme substrate also potentially
facilitates the extension of known specific binding assays to greater
levels of resolution than those previously accomplished, usually without
the requirement of pretreatment of samples to remove interfering,
substances. 



More particularly, the assay of an analyte in the nanomolar a5 and above
concentration range iS thereby achieved. 5.1. plPERORIC GWOSE SERSOR The
wholly microfabricated glucose sensor of the present invention comprises a
silicon substrate on which is 30 established thin-film structures which
make up an amperometric electrochemical transducer, or base sensor.  In a
particular embodiment of the present invention'. succeeding overlaid
structures can be described as (i) a semipermeable solid film or
peraselective layer, superimposed over at least 3: a portion of the base
sensor, whose function is to promote This is the replacement sheet Date:
- 6 mAR 197    -39- the adhesion of succeeding layers over the base sensor
and most importantly to prevent interfering electroactive species which are
usually present in venous blood or other biological fluid samples from
reaching the catalytic electroactive 6 surface of the base sensor; (ii) a
biolayer, superimposed over at least a portion of the permselective layer,
in which is incorporated a sufficient amount of the bioactive molecule, in
this case the enzyme glucose oxidase; and (Uii) a layer responsible for
attenuating the transport of the analyte species, in this case glucose,
from the sample to the biolayer.  The analyte attenuation (AA) layer thus
limits the amount of glucose which reaches the enzyme to a given fraction
of the bulk concentration of glucose in the sample. The term 'incorporatedw
as used herein is meant to describe any state or condition by which the
material incorporated is held on the outer surface of or within a solid
phase or supporting matrix. Thus, the material 'incorporated" may, for
example, be immobilized, physically entrapped, attached covalently to
functional groups of the 20 matrix, or adsorbed onto the porous surface
thereof. Furthermore, any process, reagents, additives, or molecular linker
agents.which.promote. the.incorporationv .of said 



material may be employed if these additional steps or agents are not
detrimental to, but are consistent with the 26 objectives of the present
invention. This definition applies, of course, to any of the embodiments of
the present invention in which a bioactive molecule is 'incorporated.' The
succeeding overlaid structures are preferably confined to the locality of
the electroactive surface of the 3 indicator electrode of the base sensor.
These structures may be localized by means of micro-dispensing or
photolithographic techniques. An additional layer which comprises a
photoresist cap may optionally be present over the AA layer as a
consequence of the photoforming steps. 35 This is the replacement sheet
Date:      i; r% i997    -40- This outermost cap can be established such
that it does not act as a barrier to any species of interest, if any, and,
therefore, need not be removed. The basic chemical and electrochemical
transformations on which the analytical value of the present device is
premised include the convertion of glucose to gluconolactone by the action
of the enzyme glucose oxidase (GOX): glucose +        gluconolactone + i2io
JAs indicated by Eq. 1, this transformation is accompanied by the
concurrent reduction of dioxygen to hydrogen peroxide. Both dioxygen and
hydrogen peroxide are electroactive species which can undergo redox
reactions on the electrocatalytic surface of the indicator electrode of the
base transducer. Other elactroactive species (such as Na+, X+ , ca2C, fas+
etc.) do not undergo a redox reaction ver se but do promote a change in the
potential at the electrode interface (See, e.g., the potentiouetric device
in Section 5.3). Thus, by applying the appropriate potential across the
indicator electrode surface, With respect to a reference electrode, one of
the foLlowing electrochemical reactions 



2 + 4e +4H       -->  2E20                   (2) 212 + 2e' + 21  -->  2Y O
(3) {202        02> 2 + 2e4 + 211     (4) can take place, all of which
result in the consumption of the electroactive species and the production
of a measurable 30 positive or negative current. Of the three reactions
listed above, Eq. 4 is preferred in the present embodiment because it
releases an equivalent of dioxygen per equivalent of hydrogen peroxide
amperometrically measured. The dioxygen produced helps to maintain an
adequate supply of dioxygen available for the enzymatic process of Eq. 1.
The potential ';S asie rGplacement shote Date: -6 MAR l7    -41- required
for the oxidation of hydrogen peroxide is about +300 to about +600 mV,,
preferably +350 xV, vs. silver/silver chloride reference electrode. The
current produced as a function of the indicator electrode potential of a
glucose sensor of the present invention is illustrated in Fig. 5 for test
samples comprising a HPES buffer (X) and a 20 H glucose solution in REPES
(Sigma Chemical Company) buffer (0). An increase in the current is observed
as the indicator electrode potential is increased from 150 to about +350 xv
for this particular glucose sensor. Further increases in the 10 indicator
electrode potential result in a nearly level response shoving that, in the
steady-state, the magnitude of the current produced is limited eventually
by the amount of glucose analyte which is transported through the AA layer.
This steady-state range extends froVi about +350 to about +600 UV an shown
in Fig. S. Conversely, a negative current in observed with a more negative
indicator electrode potential as electrons are used up in the reduction of
hydrogen peroxide to water (Eq. 3). Once again a liuiting steady- state
negative value for the. current is reached at a certain negative potential
(about -100 zV) and remains relatively constant throuugh :furher-incraae in
the negative value of 



the indicator electrode potential. one preferaily operates the indicator
electrode at the plateau to avoid large inCremental changes in the current
produced by small changes in the indicator electrode potential versus the
reference electrode. The current generated as a result of the preceding
electrochemical reactions may be related ultimately to the 30 concentration
of glucose present in the sample. In an amperometric sensor1 such as the
glucose sensor, the measured variable (i.e., the current, i) is related to
the flux of the electroactive species at the electrode surface (at a
distance, x - 0) by Ftraday'g lWg, Sn combination With 35 Fick's LRw of
diffusion (Eq. 5): This is the replacerment sheet Date:     6 MAR 1W7
-42- i - nFAD ax where, n is the number of electrons involved in the
fundamental electrocheaical reaction at the electrode, P is Faraday's
constant, A is the area of the electrode, and Dp is the diffusion
coefficient of the electroactive species, P. In the steady-state, the rate
of the enzymatic reaction in 10 the biolayer is equal to the rate of supply
of the glucose analyte through the Ak layer. The degree of permeability
(QUS) of the AA layer to the analyte species (AS) governs the upper limit
of analyte concentration for which the sensor has a linear response, along
with the artivity of the enzyme, as sured by the Michaelis-iKenton
constant, sm. In the limiting case where both the amount of the enzyme and
its activity are sufficiently high, the current can be controlled solely by
the membrane permeability to the analyte, (QO). and the bulk concentration
of the analyte species, [AS113, as follows (Eq. 6): nFQASE[&S]3
(6) where i, n, and P have the same meaning as stated above.  In 



effect, the steady-state current response is independent of the amount of
enzyme activity in the enzyme layer. Such a condition enhances the
operational stability and extends the useful shelf-life of the resulting
biosensor. 30 5.1.1_. A(PERONETRIC BAsE SENSOR The amperometric base sensor
that is a particular embodiment of the instant invention is fabricated on a
substantially planar silicon substrata by means of 35 photolithography in
combination with the plasma deposition of This is the replacement sheet
Date:        6    -43- metallic substances. The base sensor may comprise a
unit cell containing two catalytic electrodes of identical geometry and
area. This configuration allows a differential type of measurement because
on only one of these catalytic electrodes is established a biolayer with
active enzyme. Such a differential measurement may, in turn, enable the
device to measure a current due to the activity of selected bioactive
molecules over and above a background level, especially in circumstances
where an interfering species may not be readily excluded by a permselective
membrane. 10      Referring now to the accompanying drawings, FIG. 1
illustrates a preferred amperometric glucose sensor unit cell which is
repeated in a geometric array several hundred times on a single silicon
wafer. Each catalytic indicator 5 electrode, 5 (iridium metal is used. in
this case), is surrounded by a combined reference and counter electrode, 4
(silver-silver chloride, in particular). The electrodes are each connected
to one of three contact pads, X, by means of an over-passivated signal
line, 2. These contact pads serve as the means by which the biosensor is
connected to external controlling electronics. The dashed area outlined by
3, represents the'passivataon.layer.- The permselective silane layer
(functioning as an adhesion promoter and a 



semipermeable solid f ili), 6, can be present over the entire 2S structure
or, preferably, may be localized on the electrode portions of the unit
cell. Over the iridium catalyst are sucemssive overlaid srctures:  the
biolayer or enzyme layer, 7: the AA layer, S; and the outermost layer, 9, a
photoresist cap. 30        FIG. 2 illustrates the layered structures of one
of the pair of indicator electrodes and the reference electrode portion of
the preferred differential glucose sensor unit cell. The other member of
the pair of indicator electrodes contains no active enzyme in the biolayer,
7. *The substrate 3. wafer, 20, is silicon, in this case, with a
nonconductive -  .s e reolacement sheet    -44- layer of silicon dioxide,
15, present above it. Patterned titanium metal structures, 10, also serve
as conducting signal lines to the contact pads of rXG. 1. The iridium
electrocatalyst layer is indicated by 5 in the indicator electrode
structure while silver and silver chloride are designated by 4 and 40,
respectively, in the reference electrode structure. The polyi=Lde
passivation layer is 3 and the permselective silane layer (and adhesion
promoter) is 6. Finally. a is the analyte attenuation (AA) layer (also,
sometimes referred to as the gas permeable membrane elsewhere in this
disclosure) and 9 is the photoresist cap. Although the electrocatalyst is
iridium in this particular embodiment, the catalytic metal of the indicator
electrode may be made of any of the noble late transition s metals. Hence,
other metals such as gold, platinum, silver, haodium, iridium, ruthenium,
palladium, or osmium are also suitable. Other elements such as carbon or
mercury are also useful. In another embodiment, involving a potentiometric
type of electrochemical sensor, a mixed metal oxide alloy such as iridium
tantalum oxide may also be used as the metal surface. In yet another
possible embodiment, a dioxygen sensor is comprised preferably of a gold
indicator electrode. 



Of these metals, silver, gold, or platinum is preferred as a reference
electrode metal. A silver electrode which is .25 ubsequently chloridized is
want preferred as the reference electrode. ThIes metals can be deposited by
any means ]nown in the art, including the plasma deposition method cited,
supra, or by an electroless method which may involve the deposition of 30a
metal onto a previously metallized region when the substrate is dipped-into
a solution containing a metal salt and a reducing agent. The electroless
method proceeds as the reducing agent donates electrons to the conductive
(uetallized) surface with the concomitant reduction of the 35 metal salt at
the conductive surface. The result is a layer This is the replacement sheet
Date:     6 MAR 97    -45- of adsorbed metal.  (For additional discussions
on electroless methods, see: Wise, E.M. Palladium: Recovery, Properties,
and Uses, Academic Press, New York, New York (1988); Wong, K. et al.
Plating and SurfaceFinishing 19a0, 75, 70-76; Katsuoka, M. at al. Ibid,
1988, 75, 102-106; and Pearlstein, F. *Electroless Plating,"  Loenheim,
P.A., Ed., Wiley, New York., New York (1974), Chapter 31.) Such a metal
deposition process must yield a structure with good metal to metal adhesion
and minimal surface contamination, however, to provide a catalytic metal 10
electrode surface with a high density of active sites.  Such a high density
of active sites is a property necessary for the efficient redox conversion
of an electroactive species such as hydrogen peroxide or dioxygen.
Doubtless, equivalent methods of establishing metal layers will. be
apparent to 5those skilled in the art. Iii &ddition, the substantially
planar substrate need not be a silicon wafer but can be a polished alumina
water, glass sheet, controlled pore glass, or a planarized plastic liquid
crystal polymer. In fact the planar substrate may be 



derived from any material containing one or more of a variety of elements
including., but not limited to, carbon, nitrogen, oxygen, silicon,
aluminum, copper, gallium, arsenic, lanthanum, neodymium, strontium,
titanium, yttrium, or combinations thereof. 25       Additionally, the
substrate may be coated onto a solid support by a variety of methods
we11-known In the art including chemical vapor deposition, physical vapor
deposition, or spin-coating with materials such as spin 30 glasses,
chalcogenides, graphite, silicon dioxide, organic synthetic polymers, and
the like. Additional substrates may include gallium arsenide, lanthanum
gallate, neodymium gallate, or, less desirably, strontium titanate should
the establishment of superconductive materials be deemed 35 desirable. This
is the replacement sheet Date:         MAR 1997    -46- In one of the
initial steps of microfabrication, good metal-substrate adhesion can be
promoted by etching the substrate wafer in an argon plasma prior to plasma
deposition of titanium metal. The titanium layer serves as the conductive
material for the signal lines and also promotes the adhesion of subsequent
metal layers onto the substrate surface. The titanium is deposited at a
rate of about 2 nu/sec, to a thickness of about 20 to about 500 nu,
preferably about So. na.. This stap is followed by plasma deposition of
iridium, at a rate of about 0.5 nm/sec to a thickness of about lo to about
100 nu, preferably to about 20 nm. It is important to exclude dioxygen
during metal deposition, since even traces of dioxygen lead to the
formation of iridium oxide. Excessive amounts of the oxide provide an
inferior sensor surface yith a substantially increased capacitance and,
therefore, a slower response. It has been observed that even thin layers of
a tenacious residue can reduce the metal surface activity 



significantly. In this respect, it is important to note that 20 while
nonmicrofabricated surfaces can often be reactivated by polishing the
electrode with the aid of a slurry of an inert abrasive material., elg.,
0.3 pm particle size alumina powder (See, Sawyer, 0.T. and Roberts, J.L.
Experimental El ctrWdhemis=  fr chemists, Wiley, N.Y. (1974), p. 78), 2S
this treatment is incompatible with microfabricated electrode arrays.
IStce, in a preferred method for the fabrication of the glucose sensor, it
is essential that the polyimide passivation layer (2, in FIGS. 1 and 2) be
processed prior to deposition of the catalytic electrode metal. Reversing
the 30 order of the processing can lead to the contamination of the
catalytic metal surface. Nevertheless, it has also been discovered that for
the purposes of the present invention, passivation of the signal lines is
an optional step. To obtain a device which has less 35 topography (i.e.,
flatter, with fewer ridges), and one which This is the replacement sheet
De.ate:- 6 MAR 1997    -47- facilitates the application of layers of
materials by wafer spinning with the greatest degree of control, it may
even be desirable to discard the polyimide or other passivation layer
altogether.  This omission is possible, perhaps, because of the observation
that titanium, as the metal comprising the 5 signal line, is a poor
electrocatalyst for the redox conversion of the electroactive species
(e.g., hydrogen peroxide, ascorbate, urate). 5.1.2. ADIHSTON PROMOTER AND S
IPEPIMBLE SOLID PILS Another aspect of aicroftaricAtion which should be
considered when depositing multiple layers onto a planar transducer of this
type s the lackc of "detailed" rough topography that would promote adhesion
between component layers.  Frequently, special materials are employed to 15
promote adhesion to the underlying surface. A coupling 



reagent commonly used for this purpose is r- aninopropyltriusthoxysilane.
The silane compound is usually mixed with a suitable solvent to form a
liquid mixture. The liquid mixture can then be applied or established on
the wafer or planar sensing device by any number of ways including, but not
limited to, spin-coating, dip-coating, spray-coating, and zicrodispensing.
The microdinpensing process can be carried out as an automated process in
which 26 microspots of material are dispensed at multiple preselected areas
of the device (See, further Section 5.4, below). In addition,
photolithographic techniques such as 'lift-offw or using a photoresist cap
may be used to localize and define the geometry of the resulting
permselective film (See, 30 Section 6.l.2, infra). Solvents suitable for
use in forming the silane mixtures include aqueous as well as
water-miscible organic solvents, and mixtures thereof. Alcoholic
water-miscible organic solvents and aqueous mixtures thereof are 3S
particularly useful. These solvent mixtures may further This is the
replacement sheet Date:    6 MAR 1997    -48- comprise nonionic
surfactants, such as polyethylene glycols (PEG) having a molecular weight
in the range of about.200 to about 6,000. The addition of these surfactants
to the liquid mixtures, at a concentration of about 0.005 to about 0.2 g/dL
of the mixture, aids in planarizing the resulting thin films. Also, plasma
treatment of the wafer surface prior to the application of the silane
reagent can provlde a modified surface which promotes a more planar
established layer. Water-limiscible organic solvents may also be used in
preparing solutions of the silane compound. Exanp3aa of 1 these organic
solvents include, but are not limited to, diphenylether, benzene, toluene,
methylene chl3qride, dichloroethane, trichloroethane, tetrachloroethane,
chlorobenzene, dichlorobenzene, or mixtures thereof. 



When protic solvents or mixtures thereof are used,, the water eventually
causes hydrolysis of the alkoxy groups to yield organosilicon hydroxides
(especially when n - 1) which condense to form poly(organosiloxanes). These
hydrolyzed silane reagents are also able to condense with polar groups,
such as hydroxyls, which may be present on the substrate surface. When
aprotic solvents are used, atmospheric moisture may. be suffiocJent -to.
hydrolyze the alkoxy groups present initially on the silane reagent. The R'
group of the silane compound (where n - 1 or 2) 25 is chosen to be
functionally compatible with the additional layers which are subsequently
applied. The R' group usually contains a terminal amine group useful for
the covalent attachment of an enzyme to the substrate surface (a compound,
such as glutaraldehyde, for example, may be used as a linking 30  agent as
described by Xurakami, T. et al., Analytical Letters 1986, 19, 1973-86; and
the article by Yao, T. referred to previously). In the instant invention,
it has been discovered that a film of a silane compound having the formula,
35 This is the replacement sheet Date:    6 MAR 1997    -49- R'nSi(0R)44A,
where n - 0, 1, or 2, which has been heated to at least about lOOC, for a
sufficient period of time, usually 5-15 minutes, can dramatically attenuate
the transport of interfering electroactive species,, ascorbic acid and uric
acid, among others, to the electrocatalyst without significantly affecting
the current due to the transport of dioxygen and hydrogen peroxide. In a
preferred embodiment of the present invention, the R' fragment of the
silane in a hydrocarbon radical comprised of 3-12 carbon atoms and R is a
lower alkyl radical comprised of 1-4 carbons. In addition, the R'
hydrocarbon fragment muay further comprise at least one heteroatom such as
an oxygen, nitrogen, phosphorus, or 



sulfur. Further, functional groups which represent stable combination of
these heteroatoms, such as isocyanato, cyanato, phosphate, and the like may
also be present.  It may even be.desirable in certain instances to employ
an organosilane reagent in which the hydrocarbon fragment R' further
comprises a suitable leaving group, preferably at the terminus of the
hydrocarbon fragment. One example of such a 20 silane reagent is
3-chloropropyltrinethoxysilane. In this manner, nucleophilic moieties may
be covalently bound to the s-ilane- layer by displacement of the potential
leaving group. The lower alkyl radical, R. Say be.a methyl, ethyl, n-
propyl, isopropyl, A-butyl, isobuty2, tertiary butyl group, or mixtures
thereof. Routine experimentation will determine 25 which groups are bast
suited to the particular manufacturing conditions being employed. Such
factors as volatility, boiling point, and viscosity properties may be
important considerations. The ease by which the alkoxy groups are 30
hydrolyzed may also be dispositive. Also, because the -OR groups are
substantially hydrolyzed in an aqueous environment, silane reagents in
which R is also a hydrogen radical, is within the scope of the present
invention. 36 ia:s is brie replacement stset Cate:   6 MAR 1997    -so-
Indeed, an important aspect of the present invention is the discovery and
recognition that certain classes of silane reagents can be formulated into
a convenient medium, established onto a substantially planar surface, and
subsequently treated under controlled conditions to provide a 5 layer or
coating with permselective properties. It should be pointed out that prior
to these observations, silane reagents were employed as mere adhesion
promoters, on the one hand, or to establish impermeable glasses, at the
other extreme. Hence, freshly prepared alcoholic solutions of silicon 10
hydroxides can be spun onto a wafer and heated to an 



intermediate degree such that the dehydration reaction which accompanies
such heating produces a material having semipermeable properties.
Although, the -OR groups of the silane reagent are preferably hydrolyzed
(and later dehydrated), it should be pointed out that such hydrolysis is
not always-necessary. The thermal conversion of a tatraalkoxysilane to an
intermediate form of silicon dioxide can be accompanied by the evolution of
an ether compound. It has been discovered further that replacing one or 20
two of the alkoxy or hydroxy groups of tetrasubstituted siloxane with a
group which is, not readily hydrolyzed, such as a Hydrocarbon moiety bonded
directly to silicon, renders the resulting silane layers *sore porousw than
their Nglassy" counterparts. Thus, for a given thickness, a layer derived
from a sUane of the formula Si(OR)4 is loss-permeable than one obtained
from a reagent of the formula R'Si (OR) . The increased permeability of the
latter is, perhaps, best explained by the inferior ability of the R'Si(OR)3
precursor to establish a network of oxo-bridged silicon atoms. For optimum
performance, then, the thickness and composition of the silane layer must
be controlled. Such control is achieved by carefully selecting the identity
of the silane reagent used, adjusting its concentration in the solvent
mixture, and determining the proper rotation speed if This is the
replacement sheet Date:    6 MAR I?    the solution of the silane is
deposited onto the wafer by spin-coating. Numerous silane compounds such as
3- aminopropyltriethoxysilane, N-(2-aminoethyl)-3-
aminopropyltriethoxysilane, 3-auinopropyltriSethoxy-ilane,
N-(2-aminoethyl)-3-aminopropyltriuethoxysilanef 3-
isocyanatopropyltriethoxysilane, 10- aminodecyltrivethoxysilane,
ll-aninoundecyltriuethoxysilane, 2- p-(i-(2-axinoethyl) azinouethyl
)phenyll ethyl- trimethoxyzilaneI a-propyltrimethoxysilane, 10
phenyltrimethoxysilane, diethylphosphatoethyltriethoxysilane, 



or N,F-bis (2-hydroxyethyl)auinopropyltriethoxysilane, 3-
chloropropyltriethoxysilane, are commercially available and may be
processed in this manner to yield a semipermeable solid film which promotes
adhesion of subsequent layers of other materials and yet is able to act as
a small-molecule- 15 selective membrane. As stated earlier, other materials
used as preceramic or precursors to dielectric layers may also be used
under proper conditions. Silicafilm, products available from Emulsitone
Company (Whippany, New 3ersey 07983) may be utilized.    aples of other
silanes include tetrahydroxyorthosilicates (silic acid) or
tetraalkylorthoailicates such as tetramethyl, tetraethyl, tettapropyl,
tetrabutyl orthosilicates, or their mixtures. however, the preferred silne
compound is N-(2-aminoethyl)- 3-ainopropy (trimethtoxy)silana. 'The
resultant sensor is easy to Uanuatu   has a very fast response time to
Changing hydrogen peroxide concentrations, and is substantially free of the
signals resulting from interfering electroactive species. 30       As
mentioned previously, the degree of permeability of the permselective
silane membrane is due not only to the nature of the silane reagent but is
also largely dependent on its thickness. A useful range of thickness lies
in the range of about I to about 1600 mn, preferably between about 2 to 3S
about 20 nm. However, where one desires to substantially This is the
replacement shset Date:   :   MAP 197    -52- exclude molecules having a
molecular weight of about 120 or more while allowintg the effective
diffusion of molecules having a molecular weight of about 50 or less, the
preferred thickness of the silant layer, particularly when the preferred
silant compound is used, should be in the range or about 5 to about 10 na.
The types of interfering electroactive species that one may wish to exclude
from 



interacting with the metal catalyst surface include, but are not limited
to, uric acid, ascorbic acid, salicylic acid, 2-
(p-isobutylphenyl)propionic acid, cysteine, 4-acetamidophenol
(acetainophen), reduced glutathione, and the like,, including their
physiological salts in addition to any drug or netabolite thereof. It has
further been discovered that heating the planar wafer bearing the silane
compound tg a temperature in the range of about lSo0C to about 250'C,
maximizes the subsequent indicator electrode response toward the oxidation
of hydrogen peroxide. It is possible that at these higher temperatures, the
surface of the electrocatalyst becomes tore highly activated. Separately,
it is also advantageous to cycle the applied potential- ftW  positive to
negative values before the actual sample is introduced. For the   p
tc  sensors such as glucose, the current signal that is measured may be
small compared to the background noise. This condition may 25 arise either
from incomplete wet-up of the membrane layers or from deactivation of the
electrode surface. It has been found that this signal-to-noise ratio may be
increased by applying potential pulses to the electrode prior to making 30
the measurement. Such a procedure can be conveniently carried out
automatically by a suitable programmed sequence effected by the external
electronics. According to a particular embodiment for the instant glucose
sensor, then, the iridium electrocatalyst is poised 3. at a potential of
+350. v versus the silver-silver chloride itlis is tMe replacement sheet
Date:    6 MAR 1997    -53- reference electrode with a permselective silane
layer is localized aver the working electrode. As noted in Section S.1.6,
however, one configuration of the instant glucose sensor can be produced in
which this permselective silane 



layer may be replaced by a gas permeable layer which preferably comprised a
siloxane-nonsiloxane copolymer. As discussed infra such materials can be
established at a sufficient thickness and can be localized over preselected
areas of the sensor, chip, or wafer. Furthermore, different types of
permselective layers may be utilized at different 10 preselected areas of
the sensing device. Such embodiments containing a gas permeable layer
interposed between multiple photoresist layers are especially suitable for
the LL-based biosensors, described further below. 15 5.1. 3. OVANAXD
BIOLYER For the amperometric glucose sensor, the support matrix in which
the biologically active molecule is immobilized is preferably photoformable
in addition to providing a stabilizing environment for the biocatalyst.
Most preferably, such a photoformable matrix behaves like a negative
photoresist (although the methods are adaptable to positive resists) so
that discrete structures may be applied and formed over predeerned areas of
the transducer arrays 25 the biolayer is usually aligned with the iridium
catalyst layer. Therefore1, the support matrix material is first applied as
a liquid solution in a suitable solvent, usually water, onto the wafer by
spin-coating. The support matrix material may be about 0.02 gm to about 20
jam in thickness at 30 this stage, preferably 0.1-2.0 pm. Alternatively,
the layer may be applied in other ways including, but not limited to,
dip-coating, spray-coating, or automated microdispensing. After deposition
of the matrix film, the radiation-sensitive material is exposed to radiant
energy (e.g., visible light, 35 ultraviolet, infrared, X-ray, electron
beam, ion beam, and This is the replacement sheet sate:  f- 6 MAR 17
-54- the like) through a patterning mask for a sufficient length of time to
initiate the transformations necessary for fixing 



the exposed areas of the matrix to the wafer (in the case of a negative
photoresist). The developing stage of the lithographic procedure usually
involves exposing the S irradiated wafer to further chemical reagents or
solvents which ultimately results in the' removal of unexposed matrix
material while exposed areas remain fixed to the wafer. It has surprisingly
been discovered that hydrated proteinaceous substances which contain a
sufficient amount of a photosensitizer (photoactivator or photoinitiator)
are able to behave as suitable negative photoresist materials but in which
a wide range of bioactive molecules may be immobilized or incorporated. Xt
has also been found that these water- based photoformable multicomponent
neqative resist materials may also comprise various other components
(sometimes nonproteinaceous) which modify the characteristics and
properties of the resulting resist. The proteinaceous substance of the
resist mixture acts as a crosslinkable matrix, and the photoactivator
serves to initiate the crosslinking reaction upon exposure to radiant
energy. As used herein, a proteinaceous substance ;L meant to encompass
substances which are generally derived from proteins whether the actual
substance is a native protein, an inactivated protein, a denatured protein,
a hydrolyzed 26 species, or a derivatized product thereof.  Examples of
suitable proteinaceous materials include, but are not limited to, albumin,
casein, gamma-globulin, collagen and collagen derived products Ce -g, fish
gelatin, fish glue, animal 30 gelatin, and animal glue).  It is important
to note that the .photoformable proteinaceous mixtures of the present
invention are comprised substantially of the protein-derived material. It
is the proteinaceous material, itself, which serves as the immobilization
matrix brought about by the photoinitiated 35 This is the replacement sheet
Date:      M APR 197    



crosslinking reaction. This matrix is uniquely suited to act as a
photodefiflable membrane which also provides a very hospitable environment
for the bi4active molecule. The preferred substance is fish gelatin derived
from the skin of Northern cold water fish, also known as ?Teleostean
Gelatin" (Sigma Chemical CO., St. Louis, MO). The multicomponent
photoformable resist material may contain 0.01-50 q/dL fish gelatin solids,
preferrably 0.5-10 g/dL. A wide range of high oxidation state transition
metal compounds (salts, complexes, or chelates) can serve as a suitable 10
photosensitizer.  Representative compounds include, but are not limited to,
ferric chloride, ferric amonium citrate, ferric potassium citrate, ferric
amonium oxalate, ferric sodium oxalate, fetric potassium oxalate, fexric
oxalate, st ferric ammonium tartrate, zanganeseetartrate, potassium dicte,
and ammonium dichromate. The most preferred materials are ferric aumonium
citrate and ammonium dichrozate which may be present in the material. at
about 0-1-10 g/dL, preferrably about 1-2 g/dL. Alternatively, the
photoactivator can itself be a multi-component system comprising a
photosensitizinq dye and a transition metal compound, preferably of high
oxidation state. Virtually any photosensitive dye wil do so long as the
resulting photoactivated dye is capable of reducing a suitable transition
metal compound. The photosensitizing dye may be a xanthine-based dye, such
as fluoroscein (or a halogenated derivative thereof)r, eosin, rhodamine, or
usethylene blue, and the like. The metallic component may include, but is
not limited to, salts of Pb2+, )Ig2+, TS44h, C2+, Cro4, 4AgA, and 3> 1004-
in which the appropriate counterion is preferably selected to confer
solubility to the metal salt. For additional examples, please see Oster,
G.K. and Oster, G. J. Am. Chexla Soc. 1950, 81, 5543-5545. 35 This is the
roplacement slsel 6 sMAR MI te   



-56- Although the mechanism is not completely understood, it is believed
that radiant energy, such as UV light, initiates the reduction of the
paramagnetic farric ion to the ferrous form in the presence of suitable
electron donors such as citrate ion (Eq. 7). upon exposure of the ferrous
ion to hydrogen peroxide in the developing solution, hydroxyl radicals are
produced (Eq. 8) which, in turn, promote the crosslinking of the
proteinaceous material, especially in the presence of added crosslinking
agents, such as i polyunsaturated compound. la~~3 Fe3  + hv + e donor --->
Fee2                    (7) Fe24 + H202  .__>  pe3+ + HO' 4 So
(8) 5Again, not wishing to be limited by theory, it is believed that the
chromium system works slightly differently in effectuating a change in the
solubility of the protein material. One may speculate that exposure of the
dichromate initiates the transformation shown in Eq. 9. 20) Cr2Q2- + h --->
cro3 + Cro4(9) The chromate ion may then combine with functional groups of
the gelatin to alter its solubility characteristics.  in any event, the
developing medium for the chromium system may be composed solely of water.
Additional compounds may be added to the resist material to modify its
characteristics and properties. 30 Crosslinkers such as
N,N'-methylenebisacrylamide can be used to promote patternability. Other
additives are listed in Table I.  The preferred additive is Z,K*-
inethylenebisacrylamide which may be at a concentration range of about 0.01
to about 10 g/dL, preferably about 1-2 g/dL. 35 It is understood that the
examples listed in Table I are not This is the replacement sheet Date:   A-
6 MAR W7    



4n57e. exhaustive and are not meant to limit the scope of the present
invention. Furthermore, many other types of crosslinking agents maybe
employed so long as two functional groups are present in the compound. The
preferred functional group is a vinyl group. However, other groups which
may be 5 present include, but are not limited to, formyl, carboxyl,
anhydride, amine, amide, epoxy, hydroxyl, cyano, isocyanato, thio, halo, or
any stable combination thereof. Polyhydroxylatad compounds such as
glycerol, and alcohol sugars, such as sorbitol, erythritol, and mannitol,
10 may be added to the crosslinked matrix to promote the formation of a
more open (porous) structure. Such porosity- altering substances May also
include simple salts and may be used in combination with the
polyhydroxylated compounds. Detergents may be added also to promote
planarization of the matrix during spin-coating onto the wafer. Nonionic
surfactant materials such as polyethylene glycol, Triton X- 100, or reduced
Triton X-l0O may be used at a concentration of about 0.01 to about 1 q/dL,
preferrably at about o.1 g/dL. 20 25 30 35 This is the replacement sheet
Date:  - 6 MAP I7    TABLE I Other SWukabl tm1inklm AGnun 10
aUlf-etlnb bisacryamide    168 ODinydroxyethylene-        204 VlowamideNHH
bisc~sn~ 15 0    Om Dia~atatdianide232/                       )      K;  20



0 Tfiayticfrane              312      %                             -- l 25
- o                0 E    ne di c~ate           170 30
0 n-Polyethylene glycol      214            1,J1                     J
~~iaciy~~~~ate ~(tlm2) 35 is is tfte replacement sheet    -59- TABLE I
(C0rrd) Si                          OIher Suftale Crossnino ABents Ctin=
MW                          ~~~~~~~~~~~St~fttuf 10    BE"s yccysugmlne
262            0                              0 Acelonebsacryfamide     19B
15 16                                              0~~~~~~~~~ I
.1-DIMeuIryletriylene.  96 bisacqylmide 20 0                   o,
2.2-DimelthyfpropyIener    210 bisuacrljalde 25 0             0 ODia
erazIne        196                  %k    F 30 0
~~~~~~0 vwiawyleletene.         SOC HiQ                             Q lf
dipipeftdine 35 This is the replacement sheet Date:        6 IAR 199A   



-60- TABLE I (conrd) Other 6MftahIj _GtIirkinftAnert~ 10  Heptaain,-41
112 10 OH 15 Aly6:acid            72                 %qoJK7 20
o Aerybyl eodde-       so AwoIteikr            583                   A 30
Acrofein dmiihyl      102 35 This is fIi'e replacement sheet Date:   - 6
MAR M7    The biologically active component, or a mixture containing same,
'can either be pre-mixed with the negative photoresist (e. g., flish
gelatin/ferric ammonium citrate) and co-deposited therewith or may be
impregnated thereafter into the patterned support matrices. Where a wafer
containing any array of identical sensors is required, spin-coating a
negative resist is preferred since spinning offers the best dimensional
control over the thickness of the layer. It may also be less wasteful, of
course, if the biologically active component is impregnated into the
already patterned structure. Where an array of different sensors is
required in a single wafer, however, it is more effective to pre-mix each
biologically active component with the negative photoresist and then
microdispense the mixture at: appropriate locations on the wafer.
Alternatively, solutions of different biocatalysts may be introduced into
each established support matrix. After all the mixtures have been
dispensed, structures are then formed by a single patterning step.
Hicrodispensing of the mixture is achieved by using an 



20 automatically controlled syringe with the wafer placed on an x, ys z -
controlled vacuum chuck. The vacuum chuck may also be rotated sgUhtly,i if
-.eded,, to align the reference axis of the chip with thit translational
axis of the chuck.. In general, xicrodispensing enough material to cover an
area 25 about three times the diameter of the catalytic electrode will dry
to leave a substantially planar region directly above the catalytic
electrode. Additional details of the automated uicrodispensing system are
given in section 5.4 and in FIGS. 12 and 13. 30       It should be evident
to one of ordinary skill that variations of this technique may also be used
to microdispense reagents other than blocatalysts. For example, reagents
comprising adenosine diphosphate (ADP) and glycerol nay be microdispensed
in the vicinity of an 'JLTP sensor, which as reagents may be dissolved by
an added fluid during the This is the replacement sheet atew     6 'A R M7
-62- operation of the sensor. In addition there may be circumstances where
the reagent cannot be exposed to the water-jets used to cool the dicing saw
when the wafer is diced; that is, where the reagents comprise water soluble
compounds, fragile membranes, etc., the water can either be partially diced
(the dicing saw is used to score the water surface so that it can easily be
broken along the score line after processing) or completely diced. In the
latter method, wafer dicing using a commercial dicing saw (such as those
supplied by Hicroautomations Inc., Santa Clara, Ch or Xulicke 10 and Soffa
Industries Inc., Willow Grove, PA) is performed with the wafer stuck on a
flat plastic sheet in the center of a metal frame. When the wafer is diced
completely the individual chips remain attached to the plastic. Thus, the
step and repeat distances are maintained, and the microdispensing process
can still be performed. This technique employing th. plastic backing on a
metal frame 



provides individual chips which have smoother edges than those obtained by
breaking partially diced or scribed wafers. Consequently, better fitting
assemblies, such as the 20 disposable sensing device of the related and
co-pending U.S. Application Serial No. 245,102, may be produced. It has
been discovered that such a microdispensed layer is almost as planar in the
region above the base sensor after drying as that obtained by spin-coating.
The thickness of this layer after patterning is controlled largely by the
solids content of the resist, its viscosity, the surface energy of the
substrate wafer, and the subsequent development time. With respect to the
surface energy considerations, the X0 surface can actually be tailored to
spread the microdispensed material in a- controlled manner. For instance,
if the surface surrounding the indicator electrode is either polyiaide or
silicon dioxide, it can be made hydrophilic by exposure to an oxygen,
water, argon, or nitrogen plasma.  (A 35 .    ise replacement sheet Date,
- 6 MAR 17    -63- fluorocarbon plasma treatment makes silicon dioxide
hydrophilic but a- polyimide hydrophobic) (See, Section S.4A. 1.3, below) .
Of course, only those sections of the proteinaceous layer which are exposed
to light, through the photolithographic mask, contain the reduced metal
species. As mentioned previously, when an iron species is used as the high
oxidation state metal, the irradiated wafer is then exposed to an aqueous
developing solution which contains, among other components, hydrogen
peroxide. The reduced metal species (ferrous ion, in this particular case)
next interacts with the hydrogen peroxide present in the solution producing
hydroxyl radicals. These radicals which are produced locally initiate the
crosslin3king reactions which serve to "fix' the 16 proteinaceous matrix
onto the exposed areas of the substrate 



wafer. Unexposed (uncrosslinked) portions of the proteinaceous layer are
thus concurrently washed away. The reader is reminded that in another
preferred embodiment, a dichromium system is useful as the photosensitizer.
The 20 mechanism of action of this system appears to be different from the
iron system because plain water may be used effectively as the developing
solution. Doubtless, other photosensitizing systems may be readily apparent
to those skilled in the art which are consistent with the teachings and
objectives of the present invention. Such equivalent photoinitiated emans
for "fixing' the proteinaceous matrix is naturally within the scope and
spirit of the instant invention. . Surprisingly, it has been discovered
that a number of enzymes are compatible with and are not inactivated or
denatured by such negative photoreslat-based processes. Examples of these
enzymes include, but are not limited to, oxido-reductases with an organic
cofactor, e.g., the flavoproteins: glucose oxidase, sarcosine oxidase, 3S
cholesterol oxidase, NAD1 oxidase, and glycerol-3-phosphate This !s the
replacement shO Date:       MAR 1997    -64- oxidase; oxidoreductases with
a metal ion at the active site, e.g., uricase; hydrolases, e.g.,
creatininase; and kinases, e.g., glycerol kinase and hexokinase. Other
enzymes which may be immobilized within the proteinaceous matrix (or
introduced subsequent to the establishment of the matrix structure)
include, but are not limited to, urease, creatinine amidohydrolase,
creatinase, creatine kinase, cholesterol esterase, glucose dehydrogenase,
lactate dehydrogenase, alkaline phosphatese, lanine transaminase, aspartate
transaminase, amylase, lipase, esterase, y-glutamyl transpeptidase,
L-glutamate oxidase, pyruvate oxidase, diaphorase, bilirubin oxidase, or
appropriate mixtures of these and the above-mentioned enzymes. Additional 



macromolecules of biological signiticance, such as proteins, is lectins,
neurochemical receptors, molecules of deoxyribonucleic acid (DNA),
molecules of ribonucleic acid (RNA), polypeptides, glycoproteins,
metalloproteins, immunoqlobulins, cofactors, antibodies, antigens,
receptors, lonophores, ion-exchangers, oligonucleotides, polynucleotides
and mixtures, active fragments or subunits thereof, may also 20 be
imobilized by means of the negative photoresist process described herein.
The above-mentioned substances must not be sensitive to brief exposure to
ultraviolet light, dichromate ion, ferric ion, ferrous ion, crosslinking
agents, or 2S hydrogen peroxide (with certain photosensitizing agents),
however, if they are to be present before the photoforming and subsequent
development steps. Those that are denatured or inactivated under these
conditions may be introduced subsequent to the patterning step as an
aqueous solution, for 30 example, as mentioned previously and further,
infra. the thickness and porosity of the preferred proteinaceous layer is
important in controlling the final properties of the sensor. If the layer
is too thick, the response will be impaired, and if it is insufficiently 35
porous, the amount of enzyme which can be loaded into the This is the
replacement sheet Date:    G MAR 1997    -65- structure will be too low.
Generally, the proteinaceous layer may range ink thickness from about 10 nm
to about 0.5 imm, preferably about 0.05 to about 5 jam. It should be noted
that most biologically active macromolecules, including enzymes, generally
degrade over time. consequently, enough biocatalyst should be present in
the immobilizing layer of the biosensor not only to provide the most
favorable overall reaction rates but also to compensate for the amount of
bicactive molecule (e.g., enzyme) which inevitably degrades over the period
of time that the sensor is stored. Sensors manufactured with defects 



in the thickness or porosity of the proteinaceous layer will unavoidably
have a limited shelf-life or useful lifetime, and will have impaired
performance characteristics. It is t5 therefore a crucial object of the
present invention to provide a microrabrication process which is reliable
and establishes overlaid biolayers in a reproducible and controllable
manner. Consistent with this objective, it has been discovered that the
thickness of the layer can be controlled, among other things, by the
content of solids in the negative photoresist, the spin speed, and the
development time. on the other hand, the porosity of the crosslinked layer
can be controlled, for example, by adding certain reagents to the 25
negative photoresist which are radical scavengers (free- radical
inhibitors) and can thus impede the degree of crosslinling. One such
reagent is sorbitol. other porosity-altering substances way include
monosaccharides, disaccharides, oligosaccharidesp polysaccharides, sugar 30
alcohols, simple salts, or combinations thereof. Thus in a preferred
embodiment of the present invention, the photofornable gelatin layer is
formulated to contain from about 0.01 to about 4 g/dL of sorbitol. It has
been found 35 rhis is tte replacement shsei d 6MAR S7    that too much
sorbitol, for example over 5 g/dL, results in a composition which undergoes
very little crosslinicing and is, therefore, not photofornable. It should
be mentioned that the porous characteristics of the immobilizing layer.also
aid in the initial mwet-tap" stage of the operable biosensor. This stage
involves the 'vetting' and calibration of the biosensor which is stored
essentially dry under a controlled humidity environment. any structural
features which speed up this process shortens the waiting time needed
before the results are obtained. 10       By incorporating the bicactive
molecules, or 



combinations thereof, described above and following the methods of the
present invention, a broad scope of analytes may each be detected
selectively and measured quantitatively in a given wholly microfabricated
biosensor device. A representative group of analyte species of interest may
'include, although this list is by no means exhaustive, dissolved and total
amounts of carbon dioxide, carbon monoxide, ammonia, dioxygen, ethanol,
ionized calcium, sodium ion, potassium Ion, lithium ion, hydrogen ion,
chloride ion, magnesium ion, ammonium ion, hydrogen peroxide, ascorbic
acid, glucose,: choatte  :roci4, e rified cholestarol# urea, creatinine,
creatine, triglycerides, lactate dehydrogenase, creatine kcinase, alkaline
phosphatase, 25 creatina kinase-M, alanine  n       ine, aspartate
transaminase, bilirubin, amylase, lipase# among others. The biolayers of
the present invention have utility in a wide range of applications in which
a biologically active molecule is to be incorporated in the solid phase at
30 preselected areas of a given device. Whether the biolayers are
spin-coated across a surface, painted, screen-printed, dipped, or dispensed
as microspots, they may be localized at strategic, precise areas by, for
example, photolithography. Conceivably, these materials can be applied to
any surface 35 comprising part of a diagnostic system or kit, for example.
This is the replacement sheet Date:  S  MAR 1997    The components of the
test can be separated in different sections of the test surface and only
later combined during the actual performance of the test. Such binary,
ternary, or higher multicomponent systems can incorporate a chromogenic
reagent which may then produce a characteristic color. The film-forming
latices may also be coated onto reactor beads, hollow fibers, or the inside
walls of a bioreactor to promote the chemical transformation of reactive
substrates.. In addition, more than one number or one type of biolayer may
be established to accomplish a series of 



transormations leading to the overall detection of a complex analyte like
adenosine triphosphate, for example, or more than one analyte (e.g.,
cholesterol and glucose). clearly, fila-forming latices May be
aicrodispensed, for instance, over proteinaceous layers. Alternatively,
ithe reverse sequence, proteinaceous layers over microdispensed film-
forming latices, may also be accomplished. A plurality of proteinaceous
layers may also be established readily. Those skilled in the art can
readily conceive of slight 20 modifications or other applications of the
present compositions which would follow quite naturally from the instant
disclosures. Because of the broad utility of these compositions, such
natural extensions are considered within the scope and spirit of the
present teachings and are 25 considered equivalents of the invention. 5
.1.4. ASSALYT AlUlSMQXO  alaYER The sensor, thus far described, can
function as a glucose sensor per se; that is, glucose solutions placed in
30X contact with this device will produce a signal output (i.e., current)
which is proportional to the concentration of glucose in the sample. In
clinical practice, however, two limitations must still be overcome. First,
such a sensor would have a response proportional (i.e., linear response) to
the concentration of glucose in a semple over only a very This is the
replacemeent shoet Date:  -i al MARft    narrow range of glucose
concentration. Typically, this range spans about 0.1 to about 2.0 uK in
glucose, hardly appropriate for the range of glucose concentrations (1-25
KM) encountered in fluid samples obtained from diabetic subjects, for
instance. Second, the proteins, cells, and other components of whole blood;
or any other biological fluid, would quickly foul such a sensor and prevent
the uniform transport of analyt.e molecules. Although the blood sample may
first be centrifuged or filtered to remove its heavier constituents, one
would ideally, and most conveniently, wish 



to perform the tests on whole blood. As already mentioned, the narrowness
of the linear response range is due largely to the inherent biochemical
properties of the enzyme employed in the functioning sensor described to
this point. Such a sepsor would not perform in 15 the most ideal fashion in
most clinical settings. In the case of the glucose sensor, the enzyme
glucose oxidase becomes saturated kinetically at a glucose concentration as
low as 4 mK. As a consequence, the sensor provides no analytical
information at higher analyte concentrations (i.e., the response becomes
nonlinear, even zero order). A -poass=bea solutiownto this problem of low
saturation levels would involve providing, some means for allowing only a
certain, but constant, traction of the 25 glucose, or any other desired
analyte., to reach the enzyme- containing layer without significantly
attenuating the transport of the co-reactant diccygen (Eq. 1). Tn other
words, such a layer would tend to attenuate the amount of analyte reaching
the biolayer but would also serve as a gas 30 permeable membrane. If the
fraction of attenuated analyte concentration is sufficiently low, the range
of actual glucose concentrations which can be analyzed becomes much more
desirable. However, because the amount of analyte, and hence the amount of
electroactive speiea produced by the 35 enzymatic reaction, is diminished,
the current output must rthis is ttie replacement sheet Dam- 6 MAR 199S
-69- also necessarily decrease. The desirability of a linear response must,
therefore, be carefully balanced against an overly diminished signal
output. In a particular embodiment of the present invention an additional
layer of material, termed the analyte attenuation (AA) layer, is deposited
over the enzyme-containing layer or biolayer. The thickness of the AA layer
governs to a large 



degree the amount of analyte that reaches the active enzyme. Its
application must, therefore, be carried out under strict processing
conditions, and its dimensional thickness must be closely controlled.  In
other words, the AA layer must be established in a manner which is
consistent with one of the primary objects of the instant invention. An AA
layer which is too thin tails to provide a sufficiently linearized signal,
while an overly thick layer, is expected to reduce the current excessively
and also slow down the response tine of the sensor. In utilizing an AA
layer, the problem of sensor fouling by extraneous materials is also
obviated. As in the microfabrication of the underlying layers, an important
factor which affects close dimensional control over 20 the AK layer is the
Composition of the AX material itself. In this regard, it has been
discovered that several types of copolymers, for example, a copolymer of a
siloxane and a nonsiloxane moiety, are paxticularly useful. These materials
can be microdispensed or spin-coated to a controlled 25  thickness. Their
final achitecture may also be designed by patterning and photolithographic
techniques in conformity with the other discrete structures described
herein. Examples of these nonsiloxane-siloxane copolymers include, 30 but
are not limited to, dimethylsiloxan*-alkene oxide,
tetramethyldisiloxane-divinylbenzene, tetramethyldisiloxane- ethylene,
dimethylsiloxane-silphenylene, dimethylsiloxane- silphenylene oxide,
dimethylsiloxane-a-methylstyrene, dimethylsiloxane-bisphenol A carbonate
copolymers, or 35 suitable combinations thereof. The percent by weight of
the T-ilis is the replacement sheet As~: 8fl1MAR W7    -70- nonsiloxane
component of the copolymer can be preselected to any useful value but
typically this proportion lies in the range of about 40-80 wt%. Among the
copolymers listed above, the dimethylsiloxane-bisphenol A carbonate
copolymer which comprises 50-55 wt% of the nonsiloxane component is 



preferred  These materials may be purchased from Petrarch Systems, Bristol,
PA (USA) and are described in this company's products catalog. . Other.
materials which may serve as AA layers include, but are not limited to,
polyurethanes, cellulose acetate, cellulose nitrate, silicone rubber, or
combinations of these materials including the siluxane nonsiloxane
copolymer, where compatible. In a preferred embodiment of the present
invention, a solution of dimethylsiloxane-bisphenol A carbonate block
copolymer ii a mixture of chlorinated and aromatic solvents is spin-coated
onto the water. Ethereal and carbonyl- containing solvents may also be used
advantageously in the solvent mixtures. The thickness of this layer is
controlled by the nonvolatile content of the mixture and the spin- speed;
its porosity to glucose is controlled also by the solvent composition.
Examples of suitable solvents include, but are not necessarily limited to,
diphenylether, benzene, toluene, xylenes, methylene chloride,
trichloroethane, tetrachloroethane, chlorobenzene, dichlorobenaene,
phenetole,- 2-mathoxyethylether, acetophenone, propiophenone, and
cyclohexanone. The AA layer thickness may be in the range of about 2 nm to
about 10 amp but is preferably between about 5 nm to about 10 nu for most
applications. The thinner layers are most useful for the attenuation of
low-molecular weight molecules (e.g., those having a molecular weight of
about 100 to about 300). If the layer is sufficiently thick and cast from
the appropriate solvent systems it can act as a gas 35 permeable -layer in
which only gaseous molecules like ammonia, This is the replacement sheet
Date:      6    WA 7 Ad    -71- dioxygen, or hydrogen peroxide can
permeate. It should be understood that the nature of the polymer film,
along with its thickness, governs the dimensional threshold at which the 



analyte attenuation layer becomes a gas permeable layer. Depending on the
particular polymeric material used, a given layer may function as a gas
permeable layer at a lesser or greater thickness relative to another. Such
routine experimentation to determine the useful range of thickness, for a
given function of a given material, is deemed within the capability of a
person skilled in the art. Generally, for the preferred materials, certain
layers with a thickness of about 5-1000 nmw can function as an AK layer,
whereas some layers having a thickness of about 100-5000 na would function
as a gas permeable membrane. Hence, some overlap in the thickness ranges is
to be expected.. An important aspect of the establishment of the AA layer
is the successful patterning of the polymer layer without deleteriously
affecting the function and performance of the underlying layers,
particularly the activity of the 20 enzyme should a biolayer be present
underneath. It is desirable to localize the area covered by the AA material
and to remove it from regions of the water where it would interfere with
other functional aspects of the sensor. The contact pads, I (FIG. 1), for
exalple, must be unhindered in - ~their ability to make electrical contact
with a microprocessor unit. To pattern the AA copolymer layer, a
gelatin-based negative photoresist, slimilar to that employed for the
enzyme-coutaining layer and known as NMR 6, is spin-coated 30 over the
polymer layer and patterned to leave a photoresist cap only in locations
where the AA copolymer is required. This negative photoresist is available
commercially from Norland Products Inc., Noew Brunswick, N.3. Excess AA
copolymer can then be removed by exposure to a basic etchant 3. which may
be comprised of an alcoholic solution of potassium This is the replacement
sheet DateN      MAR W1    -72- hydroxide or tetramethyl ammonium
hydroxide. It has been 



discovered that the resist cap does not affect the response of the glucose
sensor and, therefore, its subsequent removal is optional. Clearly other
aqueous-based photoresists known to those skilled in the art could also be
used to pattern the A& layer. Referring now to FIG. 6, one can see that the
response of the glucose biosensor as disclosed herein is linear over a ouch
wider range of glucose concentration due to the presence of the AA layer.
Without the AA layer, the sensor would have been less appropriate for use
in undiluted biological materials. 5.1.5. FINISHIG STEPS AND ADDITIONAL
EMB0flIMS sTe final step in manufacturing the device involves dicing the
wafer to yield individual glucose sensors. This step may be conveniently
performed by an automated machine with a diamond-impregnated rotating
saw-blade and which is equipped with a means for delivering water jets to
cool the blade and to remove avarf and the like. This relatively drastic
step is capable of effectively destroying all but the most robust thin-film
structures Which are present on the substrate water. Of particular
significance in the piZesent invention is the discovery that this step can,
in fact, be 26 successfully performed on the embodiments of the glucose
sensor as described herein without a deleterious effect on the selectivity,
sensitivity, and overall performance of the sensor. The disclosures of the
present invention represent, therefore, a true microfabrication
manufacturing process 30 which can be utilized in the production of
identical microcomponents useful as sensors for analyte molecules of
physiological, biological, and medical significance. In soae instances,
nevertheless, it may be preferable to wscribe' the wafers with the
automated rotary saw prior to 35 establishing the structures which comprise
the bioactive Trhis is the replacement sheet Date:      -73- 



layers of the chemical sensor. This process involves a partial dicing stop
which outlines each individual sensor on the wafer. The scribing process
facilitates a final.cleaving step at the end of the manufacturing process
but still leaves the scribed wafer with sufficient structural integrity to
endure the intervening process steps. The scribing process is described in
more detail in the Examples section of this disclosure. Additional types
of:chemical sensors based on the proteinaceous photoresist immobilizing
layer are described in the Examples section. Most of these examples involve
axperometric devices which utilize an electroactive species (e.g., hydrogen
peroxide or dioxygen) generated from an enzyme-catalyzed reaction involving
an analyte molecule and some cofactor. Among the specific rabodiments given
is a means for microdispensing a mixture containing the enzyme uricase onto
a sensor, followed by patterning the resulting thin film to yield a uric
acid sensor. In addition, a combined glucose and cholesterol sensor may be
coprocessed by 20 microdispensing two mixtures an the sensor, one
containing glucose oxidase and the other containing cholesterol oxidase and
cholesterol. esterase.x .jkAn taxample of an adenosine-5 '- triphophate
(ATP) sensor which involves the co-immobilization of more-than one enzyme
is also given. This process is 25 achieved by microdispensing a mixture
comprised of glycerol imase and glycerol-3-phospha te oidase. These
examples are illustrative of the generality of the nicrofabrication process
of the instant invention and demonstrate the broad scope of chemical
sensors which may be fabricated limited 30 only by the availability of
suitable catalysts (e.g., enzymes) and/or reagents (e.g., adenosine
diphosphate, ADP), needed for a specific chemical transformation. 35 This
is the replacement sheet Date:    -74- 



5.1.6. AN AMPEROMETRIC DIOXYGEN SENSOR, ELECTROLYTE LAYER, AND ALTERNATIVE
PERXSELECTIVE LAYER As alluded to in numerous parts of this disclosure, the
specific embodiments described herein enjoy great flexibility depending
upon the particular application or analysis to be 5 performed. For
instance, the preceding discussion concentrated on the utility of the
hydrogen peroxide sensors when coupled to biocatalyst systems which consume
the neutral or charged analyte species and concomitantly produced H2 029
However, in certain situations, the change in the 10 concentration of
dioxygen may be a *ore convenient variable to monitor. A skilled
practitioner in the art recognizes that dioxygen is consumed in many
enzymatically catalyze4 processes. Thus, one could monitor, in the
alternative, the 15 decrease in the amount of dioen 'present in a sample as
a consequence of the enzymatic action on the enzyme substrate or analyte
species. In one embodiment of a dioxygen sensor, the base sensor is
comprised of a gold indicator electrode superimposed over the primary
titanium layer as shown in FIG. 20 7.  The metallic components of the
dioxygen base sensor are as illustrated in the figure and resemble closely
the hydrogen peroxide sensor depicted in FIG. 2 except that the preferred
electrocatalyst metal S is gold in this case. The overlaid structures in
FIGS. 7A and 7B are essentially the .25 same comprising, in succession, an
electrolyte layer 12, a gas permeable layer S', and a ptiotoresist cap 9.
The principal distinction is that the gas permeable layer a' effectively
envelopes the entire underlying electrolyte layer in the configuration of
FIG. 73, and, thus, more effectively 30 seals off the electrode region from
the external fluid. However, such a structure would be expected to take a
longer time to *wet-upO relative to the architecture of FIG. 7A. The
preferred materials for use in the electrolyte layer and photoresist cap
are the photo formable proteinaceous mixtures 35 This is the replacement
sh*eet Date:   6  MAR 1997  



-75- described herein. The gas; permeable membrane/AA layer is preferably
formed using the siloxane/nonsiloxane copolymers described previously. Prom
a processing point of view, it is noteworthy that the configuration of FIG.
7A can be established using a single photoexposure step in which the
photoinitiated crosslinking reaction can take place both in the underlying
electrolyte layer and the overlaid photoresist cap. The structure of the
dioxygen sensor of FIG. 7B, on the other hand, would require a first
exposure to radiant energy followed by the developing step to form the
underlying electrolyte layer. The AA material would then be established
followed by the photoresist cap. The final structures are then localized
over the preselected areas by a second exposure through a photolithographic
mask, then developed in the appropriate developing solution. In the single
exposure method, it should be remembered that the conditions of irradiation
can be adjusted such that all of the sensitive layers receive an
appropriate exposure to provide 20 photocrosslinked matrices. This
penetrating irradiation Step is only possible, however, where the
intervening layers (in this case, the gas permeable layer) do not
significantly absorb the radiant energy. Thu5, preferred materials for use
in the AA layer should not be strongly absorbing in, say, the 25
ultraviolet region of the electromagnetic spectrum. Such preferred
materials are the siloxane/nonsiloxane copolymers, for example. Two
additional aspects of the dioxygen sensor embodiments are noteworthy.
First, the gas permeable layer 30  can be established at a thickness such
that only small gaseous molecules, like dioxygen, can effectively reach the
electrode portions of the sensor. Therefore, interfering electroactIve
species may be substantially excluded from the electrocatalyst surface in
this maner. The gas permeable 35 layer thus performs the same permselective
function as the f!.. ;o uf2e ropiaceement shiee 



Dam  C ,R 1997    -76- permselective silane layer and can be used for that
purpose, in the alternative. Second, the electrolyte layer surrounding the
electrode structures, in cooperation with the other overlaid structures,
provides a 0stagnant' environment, S in terms of external turbulence,
within which the redox reactions can take place on the metal surfaces- Put
another way, the amount of redox species reaching the electrode surface is
governed by the presence of the gas peraeable and electrolyte structures
such that the electrode response is 0 independent of the flow or turbulence
characteristics of the external fluid saile. Purthermore, the electrolyte
layer, which is hydrated under normal operating conditions, is able to
provide protons for the redox reaction of dioxygen. The resulting
nulti-layered device is much sore reliable and able to provide more
accurate and repodusible. measurements relative to a bare metal electrode
configuration. The Structures illustrated in PIG. 8 embody these latter
aspects of the present invention. In FIG. OA, the biolayer, 7, is
superimposed over the underlying gas 20 permeable layer of a dioxygen
sensor as in FIG. 7. The AA layer a and photoresist cap 9 are established
over the biolayer as described previously.  It the bioactive molecule
present in the biolayer is glucose oxidase, then the resulting device is
able to function as a glucose sensor, 25 with the gas permeable layer
performing a siEilar function as the permselective silane film described
earlier. The st     s  of FlG. O8, on the other hand, illustrates a device
which is described further in Section 5.2, but which takes advantage of the
underlying electrolyte 30 aned gas permeable layers (22 and 8t,
respectively) against external fluid turbulence or sample flow. In this
device, a coupling means, 40, is used to covalently attach a ligand
receptor or Lunreactive species, 4s, to the outermost surface of the
layered structures (e.g., to the top of the 



35 photoresist cap, 9). As disclosed further, intra, such a This is the
replacement sheet Date:    -77- device is useful as a ligand/ligand
receptor-based (LLR) biosensor which expands considerably the range and
scope of possible analyte species which may be detected or analyzed by the
wholly microfabricated biosensor devices of the present invention, without
being unduly sensitive to the movement of the external fluid samples.
5.1,7. 7,          OF THE GLUCOSE SENSOP FIG. S shows the steady-state
current for glucose as a function of the operating potential of the glucose
sensor with respect to the on-board silver/silver chloride
reference/counter electrode for a solution containing-HEPES buffer 50 aM
(pH 7.4) containing 100 MM aCil (0) and the same solution containing 20 MM
glucose (X). At potentials between +300 - +600 WtV the current is
associated with hydrogen peroxide oxidation at the iridium electrode
surface derived from the enzymatic oxidation of glucose by the enzyme
glucose oxidase. At potentials between -200 to -100 mV the current is
derived from the reduction of hydrogen peroxide at the 20 iridium electrode
surface. The observation of a plateau current for both the oxidation and
reduction of hydrogen peroxide suggests that the biosensor current is
limited by transport of glucose through the AA layer into the enzyme layer,
as discussed earlier. 25        FIG. 6 shows a calibration curve for the
glucose biosensor in which the steady-state current measured at +350 mV is
plotted as a function of glucose concentration. The response is linear in
the range 1-30 m1 glucose. Additional experiments demonstrate that the
current response is not 30 significantly effected by: (ii changes in pH
over the range commonly encountered in biological fluids e.g., pH 6.B-8.2;
(ii) changes in.the partial pressure of dioxygen over the range 20-200 mm
Hg: or (iii) changes in chloride ion 



concentration over the range 50-200 MM. The glucose 35 biosensors, indeed,
any of the bicsensor embodiments of the This is the replacement sheet Date:
MAR MAR     -78- instant invention may be used in conjunction with the
devices which are the subject of co-pending U.S. Application Serial Numbers
245,102 and 187,665 (the complete disclosures of which are incorporated by
reference herein) to perform 5 measure ents of glucose or other analyte
levels in biological fluids such as human plasma, serum, or whole blood.
5.2. LIGAND/WIGAI) RECEPTOR-BASED BIOSENSORS ADAPTED FOR CONDUCTING
BIOLOGICAL ASSAYS OR CHEKChL TESTING 1o       In another embodiment of the
present invention, the microfabricated biosensors may be adapted for
performing analyses based upon intermolecular affinity and/or
immunochemical complex interactions. Such interactions are manifest in
numerous complementary ligand/ligand receptor 15 complexes such as
antigen/antibody, -antibody/anti-antibody, biotin/avidin, imimunoglobulin
G/protein A, enzyme/enzyme receptor, hormone/hormone receptor,
substrate/enzyme, DNA (or RNA)/complementary polynucleotide sequence,
drug/drug receptor, and the like. Thus, an assay may be devised in 20 which
one or the other member of the complex may be the analyte species of
interest, and the other component may be used as the sensor-inmobilized
ligand receptor or immunoreactive species. Generally, a first member (e.g.,
the ligand receptor) 25 is immobilized (e.g.g by covalent attachment or
adsorption) over a preselected area of the biosensor (preferably, above the
Indicator electrode). Next, the liqand or analyte species is allowed to
bind to the first member, forming an affinity, immuno, complementary, or
like complex. Depending. 30 upon the assay method employed (e.g., a
sandwich assay), a second member with a suitable label is then introduced
&nd 



binds to the analyte. Finally, a substrate for the enzyme label is
introduced which is converted by a process initiated by the label. In such
a fashion, electroactive species, such 35 iD!ti:: .,- 6f:   MARF x ~shee
Date. ~6 MAR 197    -79- as dioxygen or hydrogen peroxide, are generated
(or consumed), and the quantitative amounts of which are detected
advantageously by the underlying base sensor. The second member and the
substrate lay be collectively referred to as reagents with which the sample
suspected of containing the analyte species may be treated or combined.
Such reagents may further comprise other components which may enhance the
interaction of the reagent or reagents with the analyte species or to
amplify the change in the concentration of O detectable species so
produced. In an embodiment of the instant ligand/ligand receptor-based
(LLR-based) biosensor, the first member may be immobilized by covalent
attachment to a functionalizbd silane layer, with or without the benefit of
a crosslinking agent 15  (e.g., glutaraldehyde, epichlorohydrin, and
otbers=. Preferably, the imunoreactive species or ligand receptor is
covalently. bound to the outermost layer of a sensor having a structure of
the type illustrated in FIGS. 7 or 8. such a configuration would possess
all the advantages attendant with the presence of the overlaid structures
as explained earlier in Section 5.1.6. Again, the base sensor may be
predisposed to hydrogen peroxide (e.g., iridium) or clioxcygen (e.g.,
gold). The exact assay procedure used is a choice which can be 25 made by
one skilled in the art and can be a procedure based, for example, on
existing sandvichh assays, competitive assays, or the like.   here the base
sensor is an electrochemical sensing device, the instant embodiment is
particularly useful in the qualitative and quantitative 



30 measurement of analytes Uhich are of interest in immunology or substance
detection. 35 This is the replacement sheet Date: ',uR 197    -80- 5 .2.1.
AN LlR-BASED BIOSENSOR ADAPTED FOR .RURN(OASSAYS As a particular
illustration of an LLR-based biosensor that uses procedures based on
existing sandwich assays; one can take a specific case in the general area
of antigenic 5 substanqe/antibody interactions. The presence of a
particular analyte species, such as a particular antigen, may be detected#
for example, by immobilizing an antibody (first member), capable of binding
to the specific antigen of interest, onto the base sensor of the present
invention. The 10 resulting LLR sensor is then brought into contact with a
mixture comprising the sample, in which the presence of the antigen is to
be determined, and a second antigen-specific antibody (second member) which
is labeled suitably. The action of the "label' on a chemical
substrate,subsequently 15 added, initiates a process by whic the
measurement of the analyte species is effected. Alternatively, the antigen
(first member) may be immobilized an the base sensor, and the
antigen-specific antibody nay be the analyte species. A second member,
comprising an anti-antibody, may then be 20 present to bind to the analyte
species. This second member would also be "labeled' with an enzyme, such as
alkaline phosphatase. An enzyme substrate is then introduced. As described
earlier, the antibody or antigen may be attached non-covalently (e.g., by
adsorption) or attached 25 covalently,, directly or through an intermediate
crosslinking reagent, to functional groups preent on the silane layer. In
one example, a photoresist cap may also be present which photoresist cap is
preferably comprised of a proteinaceous 



substance. As such, the proteinaceous substance also 30 possesses a
multitude of reactive functional groups, notably amino and carboxylate
groups, to which the first member of the assay may be bound covalently. 35
This is the replacement sheet Date:     :     The base sensor may be
selected from an amperometric electrochemical device to which the applied
potential allows the electrochemical conversion of hydrogen peroxide or
dioxygen. Preferably, antibody is immobilized via any coupling means
well-known in the art to the outermost layer of the preferred dioxygen
sensor, which outermost layer comprises a proteinaceous substance or
-mixture thereof, and aligned over the indicator electrode, to provide a
structure such as that illustrated in FIG. BE. In another embodiment of the
present LLR-based biosensor, a hydrogen peroxide base sensor with an
overlaid per selective silane layer (also acting as an adhesion promoter)
is manufactured as already described in the preceding sections. The
permselective silane layer is useful as a screen against interfering
species which may otherwise come into contact with the base sensor and
which may interfere with the analysis during incubation of the appropriate
reactive components, including the test sample. Preferably, the silane
layer is confined to preselected areas of the base sensor. 20       The
substrate wafer bearing the silanized base sensors, or other
electrolyte/gas permeable layers, is preferably Ascribed- (as described in
section 5.1.5) before the layer of immunoreactive species is established.
The scribed wafer can 25 then be exposed to a solution of glutaraldehyde,
or any other suitable crosslinking reagent known to the skilled
practitioner, and subsequently to a solution of the desired first member.
The resulting wafer may then be cleaved to provide individual chips or
devices. 



30        (It should be noted that the term 'substrateO, as used generally
in the art and in this disclosure can refer to one of two substances. Where
the base sensor is the subject of the discussion, Osubstrate' refers to the
substantially planar surface or wafer which forms the foundation of the 35
This is the replacement sheet Date:      5 MAR )97    -82- transducer. When
the context of the disclosure is focused on an enzymatic process,
substrate' refers to the chemical species which is transformed by that
enzymatic process.) 5 .2 . 2. METHODS FOR PERFORMING ELECTROCHEMICAL 5ASSAY
PROCEURES The electrochemicai assay procedures of the invention relate to
many analytes of interest. Such assay procedures involve sandwich and
competitive assay procedures using this invention's novel biosensor, which
is an electrode described 10 in detail infra, to detect changes in the
concentration of electroactive species. In the operation of a sandwich
assay, a solution is prepared which possibly contains the analyte of
interest and a second member (detection receptor), which is labeled with a
5 substrate converting moiety. If thke analyte of interest is present, then
the second member and the analyte form a complex. The sandwich assay also
uses an LLf-based hiosensor on which is immobilized a first member (capture
receptor of the analyte). The complex obtained from the analyte and 20
second member is brought into contact with the biosensor to form a capture
receptor/analyte/detection receptor complex on the biosensor. Following the
formation of this complex on the biosensor, the biosensor is washed to
remove other components of the solution which are not complexed to the 25
biosensor.  The biosensor to which the complex is bound is then placed in
contact with a non-electroactive substrate whereby the label of the second
receptor reacts with the 



substrate. This reaction ultimately (i.e., directly or indirectly)
initiates a sequence of steps which effectuate 30 changes in the
concentration of electroactive species (i.e., produces hydrogen peroxide
and/or consumes dioxygen) which are electrochemically measured. The
measurement provides for the determination of the corresponding analyte
concentration in the sample, 35 This is the replacement sheet Date: -8HA?)9
-83- In another embodiment of the invention, enzyme linked immunosorbent
assay (ELISA) competitive assays are performed. In these assays a capture
receptor is bound to the biosensor, and the biosensor is placed in contact
with a sample containing the analyte of interest that competes with a fixed
quantity of analyte labeled with a substrate converter. In the alternative,
a sample containing the analyte of interest on the surface of cellular
material can also be used as the analytical sample. Following the formation
of an (analyte and labeled-analyte)/capture receptor complex on the
1biosensor, the biosensor is washed to remove uncomplexed components of the
solution. The biosensor is contacted with the non-electroactive substrate
whereby the substrate reacts with the label to induce changes in the
concentration of electroactive species. To this end, an electrode is poised
i5 at an optimum preselected potential sufficient to induce the reduction
or oxidation of the electroactive species produced and/or consumed by the
enzymatic reaction. Furthermore, the change in the concentration of the
elect'roactive species is 2  measured and correlated to the analyte which
one is seeking to detect. In preferred aspects of this invention, the assay
pertains to an electrochemical sandwich i4munoassay or a competitive
immunoassay. 



2S       One embodiment of a sandwich assay pertains to the use of an
iumunosensor on which an antigen (receptor) is immobilized. A sample
possibly containing mono- or polyclonal antibodies of interest (analyte) is
admixed with an enzyme-labeled antigen or enzyme-labeled anti-antibody, 30
and formed antibody/(enzyme-labeled antigen or enzyme-labeled
anti-antibody) complexes in the admixture are contacted with the
immunosensor to form an immobilized antigen/antibody/(enzyme-labeled
antigen or enzyme-labeled anti-antibody) complex on the iumunosensor. The
immunosensor is then preferably washed to remove admixture components This
is the replacemefit sheet Date:          4 HA, 997    -84- other than the
immobilized complex. The immunosensor is then put in contact with the
non-electroactive substrate whereby the enzyme moiety of the immobilized
complex reacts with the substrate, which reaction ultimately (i.e.,
directly or indirectly) initiates a sequence of steps which effectuate
changes in the concentration of electroactive species (i.e., produces
hydrogen peroxide and/or consumes dioxygen) which are electrochemically
measured. The measurement, consequently, provides for the determination of
the antibody concentration in the sample. 10 In the aforesaid where labeled
anti-antibody is used, the assay is particularly suited to allergy specific
assays where the first member or capture receptor is an allergen (antigen)
bound to the adhesion layer (or in other 15 embodiments, a photoresist
layer), and the second member or detection receptor is an antibody to IgE.
In some cases, the IgG response to allergens may be measured similarly,
i.e., by using an antibody against IgG, as the second member. In another
embodiment of a sandwich immunoassay, a 20 mono- or polyclonal antibody
(capture receptor) is immobilized on an electrode to form the immunosensor.
A 



sample possibly containing the antigen of interest is admixed with an
enzyme-labeled antibody (detection receptor), and formed
antigen/enzyme-labeled antibody complexes in the 25 admixture bre contacted
with the immunosensor to form iumobilized antibody/antigen/enzyme-labeled
antibody complexes on the imunosensor. This immunosensor Is then processed
as is noted regarding the prior described sandwich immunoassay to determine
the antigen concentration in the 30 sample. The reader may refer to FIG. 14
which schematically illustrates certain aspects of a particular embodiment
of the instant invention. One embodiment of a competitive assay pertains to
the contacting of an itumunosensor, to which is bound an antigen 35 to
antibodies (mono- or polyclonal), with a sample possibly This is the
replacement sheet Date:      v .,,    containing the antibodies of interest
and a fixed quantity of enzyme-labeled antibodies. Following the formation
of antibody and label ed-antibody/antigen complexes on the immunosensor,
the immunflosoor is washed to remove .uncomplexed components of the
solution and then the sMmunosensor is contacted with the non-electroactive
substrate whereby the substrate reacts with the label to induce changes in
the concentration of electroactive species. To this end, an electrode is
poised at an optimum preselected potential sufficient to induce the
reduction or oxidation of 10 the electroactive species produced and/or
consumed by the enzymatic reaction. Furthermore, the change in the
concentration of the electroactive species is measured and correlated to
the analyte which one is seeking to detect. An alternative embodiment of
the competitive assay pertains to the contacting of an iumunosensar, to
which is bound antibodies to an antigen, with a sample possible containing
an antigen of interest and a fixed quantity of enzyme-labeled antigen. In
performing the electrochemical assay procedures 



described herein, the sample to be analyzed and the labeled ligand receptor
are typically premixed before being brought into contact with the ML-based
bLosensor. such an initial premixing or incubation stop is not necessary,
however, because all the necessary binding interactions may be allowed to
take place on the IIR sensor. Ultimately, thus, a ternary or "sandwich"
complex comprised of an imobiLized antibody/antigen/labeled antibody is
formed. As mentioned previously, unbound materials (and interfering
electroactive 3 species) are then preferably removed from the sensor. This
step may be carried out by using a wash solution which may also contain a
non-ionic detergent. This wash solution is displaced, in turn, by a
solution containing a substrate which is complementary to the enzyme label.
Alternatively, 3. unbound materials may be removed concurrently with the
This is the replacement sheet Date:       6AR IN?    introduction of the
enzyme substrate (i e., the solution containing the enzyme substratey ai]O
function as the wash solution). The ensuing enzymatic matki . leads to the
production and/or consumption of electreactive species, which species may
undergo a redox reaction at the indicator electrode. The analysis is
completed byt measuring the signal output (current) produced in response t6
the electrochemical reaction. The magnitude of the output current is
proportional to the changes in the aaouwt of electroactive species present
at the indicator electrcde at the steady- state and which amount is
proportional, in turn, to the original concentration of the analyte cf
ifltxest. Thus, in a particular embodiment of the present invention, an
enzyme- linked imminosorbent assay (ELIShA), or related procedures and
variations known to those skilled in the art, is performed using the wholly
aicrofabricated ligand/ligand receptor-based biosensor disclosed herein.
Table II lists a few enzyme/substrate pairs which may be utilized in the
method or one equivalent to that disclosed 



herein for the electrochemical detection of selected 20  amunoreactive
analyte or particular ligand species. Of the enzymes listed, alkalime
-phosphatase, acting on a suitable phosphoric acid ester, is preferred
principally because of its high turnover rate. Other enzymes way also be
preferred 26 according to the reftprements of a particular system. Those
workers of ordinary skill can readily determine the particular combination
of characteristics (e.g., stability, speciticity, etc.) best suited to a
given set- of conditions 30 35 Thi1s is the replacement sheet C HAR o9f
TABLE II Representative Complementary Enzyme/Substrate Pairs which Involve
the Consumption or Production of 2 or H 02a S Electroactive speciesb _ntry
Enzy~e                Substrate   Consumed  Produced 1     uricase
uric acid      02        H22 to 2     sarcosine oxidase    sarcosine      0
22 3     cholesterol oxidase  cholesterol   02          K202 4
glycerol-3-phosphate  glycerol-3-   02          1202 is       oxidase
phosphate 5     pyruvate oxidase      pyruvate       02        H2o2 6
diaphorase            NADI           02        2 20 7      catalase
H202         H 202       02 2~~~ B     Zr-glutamate oxidase   -lutamat~e
02          _d 9      bilirbin oxidase    bilirubin       2        i202 25
100   alIcaline phosphatase BCIP            02       H202 11    glucose
oxidase       glucose       0          N22A- The content of this table is
by no means comprehensive with respect to the number of suitable
enzyme/substrate 30   combinations or alternative substrates (enzymes) for
a given enzyae' (substrate). This table serves only to 



illustrate useful enzymes and their substrates and is not to be construed
as limiting the scope and utility of the present invention. 35 This is the
replacement sheet Date: L    b These electroactive species are either
consumed or produced or both.  c BCIP - Bromochloroindoxyl phosphate.
Alternatively, an indoxyl ester (e.g., indoxyl acetate) may be used in
conjunction with an esterase enzyme. Water is formed. It should be stressed
that the choice of immunoreactive 10 species to be immobilized onto the
base sensor depends on the particular analyte species to be measured and is
within the skill of those knowledgeable in the art. For instance, a first
member (capture receptor; e.g., an antibody) receptor for a particular
antigen such as Imunoglobulin G. way be covalently bound to the base sensor
while a second antibody, having a binding site on the antigen different
from that of the first receptor, is labeled with a suitable enzyme. The
sample to be analyzed for the presence of Inmunoglobulin C 2 (antigen) is
then incubated with the receptor conjugate (enzyme-labeled antibody) and
then brought into contact with the ILR sensor as described above. Of
course, an antiqenic substance may also be immobilized, instead, onto the
biosensor where a particular antibody is the analyte species 2o of
interest. The sequence of steps may be varied also, and other modifications
can be incorporated into the assay procedure as warranted by the particular
analysis to be performed. Perhaps in its simplest form, the assay can be 30
performed by preparing a mixture comprising the test sample, the labeled
antibody, and the substrate. This mixture is brought into contact with the
LLR-based biosensor on which is immobilized a first antibody
sember'speciric to the antigen 



of interest. A quantitative measure of the amount of analyte 36 species is
made by comparing the signal output of the sensor This is the replacement
sheet Date:     6 MAR l7    with one nearby in which the immobilized
antibody (first zember) is absent or unreactive towards the antigen. The
difference between the two signal outputs can be related to the
concentration of the antigen in the test sample. Also, whereas the
foregoing application of the invention has stressed that complex formation
on the iuMMnosensor takes place after the formation of the analyte/labeled
second receptor complex in a sandwich assay and with a sample containing
both labeled and unlabeled analyte in a competitive assay, other variations
in the 10 assays' protocol are contemplated. It is noted, therefore, that
in a sandwich assay the second member (detection receptor) can be placed in
contact with the imunosensor before or after the imunosensor is contacted
with the sample containing the analyte of interest.. In the case of a
competitive assay, the labeled-analyte can be placed in contact With the
immunosensor before or after the imnmmosensor is contacted with the sample
containing the analyte of interest. 20       Although the invention, as
described infra pertains to examples of an assay for a specific type of
analyte detected by measuring different electroactive species, it is
contemplated that similar assays for a variety of analytes are possible.
Possible analytes include, but are not limited 25 to, IgG, * g, prostatic
acid phosphatase, prostate specific antigen, alphafetoprotein,.
carcinoembyonic antigen, leutenizing hormone, choriogonadotrophin, creatine
kinase Ma, and the like. Additionally, liquixd samples containing material
having analytes, associated therewith, such as 30 antigens associated with
bacteria, parasites, fungi, or viruses including for exanple, Neisseria
gonorrhea, Gardnerelle vaginalis, Trichomonas vaginalis, Candida 



albicans, Chlaxydia trachomatis, hepatitis B, herpes, rubella, acquired
imunodeficiency virus (RIv or HTLV tII), 35 .is the replacement sheet Date:
t      MAR MI    cytonegalovirus and autoismune antibodies can be detected
using a membrane that will trap the cells or a membrane to which a receptor
specific for the antigen is bound. Other sandwich assay procedures are also
contemplated 5using a biosensor that selectively immobilizes a first
member. For example, a first member and a second member are added to a
sample containing the analyte of interest. This admixture can form a first
meuber/analyte/second me-ber complex that selectively binds via portions of
the first member of the complex to the biosensor. Alternatively the three
component admixture can be contacted with the biosensor, whereby the first
member is selectively immobilized on the biosensor followed by the
sequential complexing to the first member (capture receptor of the 15
analyte) and then second member, or an analjte/second member adduct can
complex with the immobilized first member. In addition, the biosensor can
be sequentially contacted with the first sensor analyte containing sample
and detection receptor to yield the first vember/analyte/second member
complex bound to the biosensors.  The resulting sensor-bound complexes are
then treated with a substrate as previously disclosed to assay for the
analyte. In this manner, any type of affinity binding interaction between
two molecular species may be exploited so 25 long as one of the pair may be
immobilized onto the electrochemical device (preferably, via functional
groups present on the outermost layer, which may be the silane layer or a
proteinaceous substance) and the other may be labeled suitably. Thus, for
example, the assay of the invention can 30 also be used to detect an enzyme
by binding the enzyme's receptor to the biosensor. A labeled antibody
against the 



enzyme can be used to detect formation of a receptor/enzyme/labeled
antibody complex on the biosensor. Monoclonal antibodies, way also be used
in any of the assays 35 described herein. This is the replacement sheet
Date:   -- r    -91- The assay of the invention can also be used to detect
nucleic acid oligomers. In these assays the biosensor is functionalized
with (has bound on it) a nucleic acid oligouier as a probe-receptor for
nucleic acid material in a sample. 6 The probe may be an oligomer of DNA,
for example, couplementary to a sequence in the nucleic acid of interest
and can be used to bind a polynucleotide, RNIA, or DNA as the analyte.
Detection of the analyte-receptor complex can be done using a second
nucleic acid oligomer complementary to a 10 non-interfering region of the
nucleic acid analyte of interest, the second oligomer being labeled to
permit detection. Alternatively, an antibody which recognizes the hybrid
formed by the polynucleotide sequence and the probe may also be used as the
immobilized ligand receptor. Still 16 other ligand receptors may be useful
such as DNA-binding proteins and the like. Moreover, receptors for certain
drugs may be isolated and immobilized, and so forth. The sample may then be
incubated with the LL1-based biosensor, and the amount of 2z  bovtnd enzyme
may be determined by the addition of a suitable substrate which gives rise
to the production or the conscuption of an electroactive species upon
interaction with the enzyme. the procedures may also be varied to use a
label other than an enzyme. The use of the label must allow the 2;
production of an electroactive species or the consumption of an
electroactive species (i.e., gas, or some other electroactive species)
which are electrochemically measured. As a further aid to one who wishes to
practice the methods or to manufacture the LLa sensors of the present 



30  invention, Table III is provided herewith as a working guide. It must
be stressed, h6owever, that appropriate combinations of analyte,
immobilized receptor, and the specific method used are virtually unlimited.
In addition, other types of outer surfaces or solid phases say prove useful
for the 35 immobilization of ligand receptors or immunoreactive species.
This is the replacement sheet Date: rS M A R    -92- it is within the skill
of the ordinary practitioner to determine which systems are best suited for
the particular application at hand. In the particular area of immunoassay
techniques, additional methods and general discussions may be found'in U.S.
Patent Nos. 4,366,241; 4,376,110; 4,486,530; and 4,740,468 the disclosures
of which patents are incorporated herein by reference. Indeed, U.S. Patent
No. 4,184,849 discloses pairs of reagents for agglutination, one of which
pairs stay be immobilized on the present LLR-based sensor and the member of
said pairs may be labeled.  An inhibition of the binding of the reagent
pairs, and subsequent inhibition of the activity of the label, would then
be proportional to the amount of (or indicative of the presence of) analyte
species in the sample. 15 20 25 30 35 This is the replacement sheet Dame:
- 6 MAR Ian    TABLE III REPRESENTATIVE ANALYTES WHICH AKY BE DETECTED
AND/OR MEASURED US1ING THE LIGAND/IXGAND REC5P!T -BSED BIOSENSORS 



AND SUGGESTED MTHODS Imobilized EntrY   Analyte Species
Receator Method 1     Viruses Rubella, Paramtyoviruses              b'c
e, d (Influenza Humps, Measles, 10         Respiratory Syncytial Virus),
cytonegalovirus, Adenovuirus, Rota- virus, Retrovirus (Friend Leukemia
Virus, Radiation Leukemia Virus, Human Iumunodeficiency Virus), Hepatitis
A, Hepatitis B, Infectious Mononucleosis, Epstein-Sarr Virus,
Papillouavirus 2     MYcoPlasma wycoplasua, pneumoniae                b
e 3     Parasites Toxoplasma, Giardia, Auebiasis        b         e 20    4
Bacteria includina Aexually- TransLtted Diseases salmonella, Streptococci
and          b         e Anti-Streptolydit 0, Leqionella, Staphylococci,
Remphilus, Ieisseria, Chlaxydia, Treponema 5     Yeasts and buni 25
Canmmde, 4iema, Blastomycoses, b                e Crytococcus, Coccidia 6
Allergy-Causing Agents 1gE Total, Screens to Specific       bc        e,d
Allergens 30    7     TIroungglobulins. and C-Reactive Protein Igor Igm,
IgAx  IgD, IqE (heavy and   b         e light chains) 35 This is the
replacement sheet Date:    - f     !9     



-94- 8     Hormones xieir--rlticotrophic hormone, Alpha-  b          e,f
Fetoprotein, Estriol, Estradiol, Testosterone, Aldosterone,
Androstenedione, Endocrine Function hormones (Cortisol, Prostaglandin,
Human Growth hormone and Variants, thereof), Reproduptive hormones (Human
Chorionic Gonadotropin, Human Leutinizing hormone, Follicle- Stimulating
hormone) 9     Analvtes Useful in Gauging Thyroid Function 10          T4,
T Uptake, T3, Total Thyroxine,    b          e Thyroid-Stimulating hormone
10     Blood Grouoina Factors, Human Leukocyte Antigen  (lLA), and Platelet
Factors Factor VIII, von Willebrand's,        b         e Fibrinogen/
Fibrin Degradation Products, Blood Group surface is         antigens, WIA
antigens, Platelet Factor IV, and other factors associated with clotting
pathways (extrinsic and intrinsic) 11     Autoinmune Antigens and
Antibodies Double-Stranded DNA, Single-Stranded b,c        e,d 20
DNA, Rheumatoid Factor, Smith Antigen, Smith Antigen/Ribo- nucleoprotein,
Immune Complexes, and other associated antigens and antibodies 12
AvolivoDroteins and Ivioproteins Apo A-I1 Apo A-II, ApO B, Apo C-Il,   b
e Apo C-SSI, ApO E, HOLD, LL, VLDL 13     Antibiotics Gentaxicin,
Tobramycin, Amalacin      b          f 14     CariacGloosids Digoxin,
Digitoxin                    b         f 



30 15     Antiasthmatic and Antnic e.ic Drugs 'Theophylline, Phenytoin
b          f 35 This is the replacement sheet Date:    - .J    16    Other
s (in the course of a toY*Jicogical study, drug screening, drug abuse,
etc.) Procaindmide, Phenobarbital,         b          f Xethotrexate,
salicylate, etc. 37    Tumor Markers. Cancer. and Other 5
Miscellaneous Anticens of Diagnostic Value AlpXI    1 ILAid Glycoprotein,
Acid   b         e Phosphatse, Carcinoembryonic Antigen, CPX BB, Alpha I
Ahtitrypsin, Alpha 2 Antiplasuin. Beta a Kicroglobulin, Ferritin (anemia),
10         Transferrin, Ceruloplasmin a The content of this table is by no
means comprehensive with respect to the number, type, or scope of suitable
analyte species, immobilized receptor(s), or methods which may be the
wubject of an analysis carried out using the ligand/ligand receptor-based
biosensor of the present is    invention. This table serves only to
illustrate the wide range of molecular species which may be measured and/or
detected by a virtually unlimited number of methods and is not to be
construed as limiting the scope and/or utility of the present invention. b
Antibody or receptor to given organism, imunoglobulin, antigen, component,
or drug. 20  c  specific antigen associated with given organisu. d Indirect
method in which analysis is performed for the presence of specific
antibody. e Double antibody sandwich method. 



f Competitive method. .25 30 36 i ' iS ; >   e i;( ctiCmenrt sheet f)~ue: -
6 MAR IW9    5.2 . 3. NOVEL ELECTROCHEICAL DETECTION OF ENZYM&ATIc
BREAXDOVY PRODUCTS OF BCIP MAD  MATED NALOGS OR DPRIVATIVES THEREOF In
connection with the enzymatic transformations described herein, it has been
discovered, that 5-brozo-4- -   chloro-3-indoxyl phosphate (BCIP), commonly
used as a chromogenic substrate for alkaline phosphatase, functions quite
efficiently as a substrate for an enzyme-mediated process which ultimately
leads to the consumption of dioxygen and the production of hydrogen
peroxide. lo       Thus, in a particular embodiment of the present
invention, BCIP, or a suitable analog thereof, is used as an agent, in
connection with an electrochemical assay procedure, for effectuating
changes in the concentration of electroactive species. Preferably, the
assay procedure Ir and/or the devices used to perform the analyses are
chosen from the methods and sensors disclosed herein. However, the present
method employing BCIP, or a suitable analog thereof, is not so limited
particularly because macroelectrodes, indeed, any amperometric device, may
be used to perform the 20  electrochemical measurements. Referring now to
F2G. 14, a receptor or analyte labeled with an enzyme, preferably alkaline
phosphatase, converts the added indoxyl phosphate substrate (SCIP) to a
hydrolyzed species that forms unstable intermediates. The subsequent 25
auto-oxidation reaction produces indigo with the concommitant consumption
of dioxygen and production of hydrogen peroxide. The corresponding change
in the concentration of 02 or H202 can then be determined electrochemically
at a preselected potential as previously discussed in Section 5.1, supra. 



30 These measurements, consequently, provide a means for correlating the
activity of the enzyme label, as deduced from the electrochemical signal
derived from the BCIP reagent chemistry, with the concentration of the
analyte of interest. 35 This is the replacement sheet Date:        M  AR
197    -97- Again, the electrochemical detection of the electroactive
species may be performed using any amperometric electrochemical device, and
such measurement would not be hampered by any turbidity or other condition
which may interfere with existing colorimetric or spectrophotometric
measurements. Preferably, the action of a phosphatase enzyme, including the
acid phosphatase, on BCIP, or any suitable analog or derivative thereof
(e.q., other substituted indoxyl phosphates) capable of ultimately 10
yielding (or consuming) electroactive species, is utilized in conjunction
with the nicrofabricated biosensors of the instant invention to provide an
assay procedure with totally unexpected and unanticipated efficiency,
sensitivity, and clinical applicability. 16       It should be apparent to
those of ordinary skill, however, that, convmersely, any indoxyl compound
having a functional group in the 3-position whidch is recognized by an
enzyme (that is, indoxyl reagent which may be hydrolyzed, e.g.,  R -
phosphate, acyl) , is considered equivalent and 20 within the scope of the
present electrochemical detection method (see, also, the enzyme/substrate
pairs exemplified in Table II). O-R                        OH ,25
a  zvIOHL  H                          H 30              5.3. BLOOD UREA
NXTROGEN (BUR) SENSOR The potentiometric chemical sensor for urea can be
viewed as a system which is constructed from functionally 



dissimilar components, as is the glucose sensor (suvra). In one embodiment
of the blood urea nitrogen (BUN) sensor, the 35 outermost layer, the one in
contact with the analyte This is the replacement sheet Date:    -98-
solution, permits the transport of urea while also serving to immobilize
the enzyme urease. This enzyme catalyzes the hydrolysis of urea to ammonia
and carbon dioxide, as follows: urea + H20    re~ase>  2NH3 +02
(10) At neutral pH values, the ammonia thus produced from Eq. lo exists
predominantly as ammonium ions. By interposing a separate layered
structure, which contains an ionophore with 10  high sensitivity and
selectivity for amaonium ions between the enzyme containing layer and a
silver-silver chloride indicator electrode, the ammonium ion concentration
at the electrode interface can be measured. In this type of measurement,
the potential difference between the indicator Is electrode and a reference
electrode.-is recorded. The analytical value of the measurement is derived
from the fact that the magnitude of the potential difference is related by
the Iicolsky equation (Eq. II, below) to the concentration of the analyte,
in this case, urea: 20        E            oq[+  E M  lIg [c E b
(11) where E is the measured electromotive force (signal), R is the gas law
constant, T is the absolute temperature, n is the 25  absolute value of the
charge on analyte species a (e.g., ii = 1 for the ammonium ion), F is the
Faraday constant, A is the activity of the analyte species a, B is the
activity of an interfering chemical species b, knob is the interference
coefficient associated with the effect of the presence of 30  chemical
species b on the electrochemical potentionetric determination of the
activity of the analyte species a, and Eo is a constant independent of T.
A, or B. For additional 35 -iiis O; replacememt shet 



Date:  -6 MAR 1997    discussion of the Nicolsky equation, please refer to
Amman, D. Ion-Selective MiCroeleCtrodes, Springer, Berlin (1986) p. 68 and
references cited therein. 5.3.1.  BUN BASE SENSOR In a preferred embodiment
of the present invention, the unit cell for the BUN sensor comprises a thin
film silver- silver chloride indicator electrode operating in combination
with a thin-film silver-Silver chloride reference electrode. 10
Referring now to FIC. 3, the substrate wafer, 20, is silicon, with an
overlaid insulating layer of silicon dioxide, 15. The first metal layer,
10, is titanium and serves the same function in the BUN sensor as in the
glucose sensor. Succeeding layers 4 and 4', are the silver and 15 silver
chloride layers. on the left side of FIG. 3, the remaining layers of the
indicator electrode include (i) a semipermeable membrane film, 2S,
comprising an organic polymer layer (e.g., poly(vinyl chloride) - PVC) and
an ammonium ion ionophore; and (ii) the outermost biolayer, P1, comprising
in this particular sensor, a fila-forming latex (e.g., poly(vinyl
acetate-co-vinyl alcohol)) and a sufficient amount of the enzyme urease.
The reference electrode portion of the unit cell may be comprised of
overlaid structures as shown in FIG. 3. In this 25 particular embodiment,
the metal and chloridized layers of the reference electrode are covered by
an electrolyte layer, 12, which may comprise any material which is able to
hold a high concentration of salt but which is, preferably, photoformable.
In this respect, a fish gelatin formulation 30 is the preferred material
and may first be photopatterned and subsequently saturated with a salt,
such as potassium chloride. A separate gas permeable membrane, a,, may also
be present which serves to diminish the loss of electrolyte or salt to the
bulk analytical sample but allows the rapid wet- up (i.e., passage of H O
or other small gaseous molecules) of This is the replacement sheet 



Date:     6 MhR I    -100- the reference electrode prior to commencing the
sample analysis. The photoresist cap, 9 which may be a remnant of the
patterning process need not be removed if it does not bar the free passage
of solvent, solute, or ions. In a preferred 5 embodiment, the reference
electrode structure described in co-pending U.S. Application No.
07/156,262, filed February 16, 1988, the disclosures of which are
incorporated herein by reference, is used. Alternatively, a reference
electrode structure in which the distance between the liquid junction and
the surface of the silver/silver chloride is sufficiently large, such that
the concentration of electrolyte in the immediate vicinity of the Ag/AgCl
structure is substantially constant for a period of time sufficient to
perform a measurement of the potential difference between the indicator I5
electrode and the reference electro4e. As illustrated in FIG. 3,
superimposed over the indicator electrode of a BUN sensor is a thick film
ammonium ion-sensitive structure comprising a poly(vinyl chloride) (PVC)
binder, tris(2-ethylhexyl)phosphate as a plasticizer, 2o and nonactin as
the ionophore. The indicator electrode can be made selective for different
ions by using the same binder and plasticizer composition but w4th
different ionophores. For example, valinomycin, sonensin and
(methyl)xonensin, or tridodecylamoniu chloride have been used to make
potassium, 26  sodium. or chloride-ion selective electrodes, respectively.
other ionophores may include, but are not limited to crown others,
trialkylamines, or phosphate eaters, and the like. Alternatively, other
polymeric binder materlils may be used besides PVC. 'These polymers may
include, for example, 30  silicon rubber, polytetrafluoroethylene plastics,
or derivatives of PVC containing ionizable functional groups (e.g.,
carboxylates).  Other plasticizers suitable for use in the present
invention may include, but are not limited to tris(2-ethylhexyl)phosphate,
nitrocymene, 2-nitrophenyloctyl 



3S ether, dibutyl sebacate, diethyl adipate, phthalates, Th is is the
replacement sheet Date:          A  997    propylene carbonate,
5-phenylpentanol, or mixtures thereof. Still other binders and ionophore
combinations may occur to those skilled in the art which are within the
scope of the present invention. The resulting semipermeable ion-selective 5
film may have a thickness in the range of about 2 pm to about 200 pm,
preferably about 10 to about 30 pa. Referring now to FIG. 4, indicator
electrode, 30, and the adjacent reference electrode, 3S, are each connected
by an overpassivated signal line, 2, to a contact pad, 1. The unit cell is
confined within a rectangular area, which is repeated in a square array
several hundred times on a single silicon wafer. In particular embodiments
of the instant invention, other indicator electrodes may be present in the
biosensor for the simultaneous measurent of ionic species (e.g., Ka+, K+,
or Cl) in addition-to ammonium ion. 5.3.2. BUN BIOIAYER At this point, it
is important to distinguish between the properties of particle latices and
their film-forming 20 counterparts. A particle latex comprises a solid
polymeric structure, such as polystyrene, which is coated with a
hydrophilic material that allows the polymer particle to be waterborn.
Particle latex materials have been used - traditionally to immobilize all
manner of biologically active 25 materials (See, Kraemer, D. et al., U.S.
Patent 4,710825). However, an important property of particle latices which
is unsuitable in the present application is that even after these materials
have been dried, the particles can be redispersed easily in water. By
contrast, a film-forming latex is a colloidal solution comprised of a
mobile polymeric liquid core, such as-a vinyl acetate, with a hydrophilic
outer coating. Such a film-forming latex is made by an
exulsion-polymerization process in which a water-immiscible organic monomer
or a mixture of monomers is added to an 



3. aqueous medium containing a free radical catalyst. The Date;:i r6
'IARnert sheet U ate .- e Mnget    -102- polymerization may be initiated,
for example, by mechanical agitation (See, for example, Vanderhoff, J.W.,
J. PolW. Sci. Polymer SLMposium 1985, 72, 161-198). When this material is
dried the particles coalesce to form a film which cannot be redi5ersed in
water. Because film-forming latices are water-based and contain both
hydrophilic and hydrophobic components, one may speculate that these
compositions are able to provide a stabilizing environment for biologically
active species and constitute an effective medium for the 10
immobilization or incorporation of same. It has further been found that
film-forming latices from both natural and synthetic sources are of
significant utility. For example, the following synthetic monomers, their
chemically-modified analogues, copolymers, or mixtures thereof may be used
to make a film-torming latex: vinyl acetate, ethylene, acrylate or acrylic
acid, styrene, or butadiene. These and many other materials known to those
skilled in the art are available commercially from many sources including
Reichhold; Air Products, DuPont, Dow 20  Chemical, or Imperial Chemical
Company. Natural isoprene- based polymers are also useful and available
from Imperial Adhesives and Chemicals, Inc. and from General Latex and
Chemical Corp.. Koreover, it has been discovered that these materials 26
retain their film-forming properties even vhen non-latex water-soluble
components (e.g., proteins, enzymes, polysacoharides such as agarose, or
synthetic polymers such as poly(vinyl alcohol), poly(vinyl pyrrolidone),
and the like) comprise up to about ZS% by weight of the solids N0  content.
In this respect, a significant consideration related to a microfabrication
process for the production of biosensors is that the established film
adheres effectively 



to a planar substrate even in the presence of large amounts of additives
(i.e., enzymes). 35 - 6 mAp 1997    -103- various methods can be used to
define a layer on a planar substrate.- If a thick layer (about 5 to about
200 um) is required, microdispensing of a viscous film-forming latex
composition (<500 Centipoise as measured on a Brookefield RV S viscometer)
is preferred. However, if a thin layer (about 0.2 to less than about 5 pm)
is required, a composition with a lower viscosity is used which can be
microdispensed directly onto the indicator electrode, or alternatively,
either microdispensed or spin-coated onto a positive resist layer (e.g.,
Shipley AZ 1370 SP) which has been patterned to leave the area over the
indicator electrode exposed. Any suitable solvent known in the art, such as
A-butylacetate and the like, is then used to lift off the resist, along
with the excess latex. A separate technique using a photoresist cap is may
also be used. Specific examplea of the "lift-off" and resist cap techniques
are given in the Examples Section, infra. As in Section 5.1.3 above,
control of the surface energy may be used beneficially to control the
spreading of 20 the microdispensed reagent (and, thus, its disenionality,
such as thickness).  A fluorocarbon (e.g., cF4) plasma treatment of a
polyinide layer surrounding the indicator electrode causes the aqueous
based latex.to exhibit a high contact angle (i.e., minimizes spreading and
maximizing 25 thiocness). To immobilize one or more biologically active
species in a latex layer it is possible either to mix the species with the
latex prior to deposition or Impregnate the layer after deposition. The
stability of the biologically active 30 species, particularly enzymes, is
enhenced by adding a crosslinking agent either before or after deposition.
These 



crosslinking agents are well-known in the art and may include such
compounds as glyoxal, glutaraldehyde, melamine formaldehyde, urea
formaldehyde, and phenol formaldehyde. 35 Other suitable crosslinking
agents may possess at least two This is the replacement sheet Date: e.
-104- functional groups which may include vinyl, carboxyl, anhydride,
amine, amide, epoxy, hydroxyl, cyano, isocyanato, thio, halo, in addition
to formyl, and stable combinations of these functional groups (e.g., a
chloroalkylepoxide). These additives can significantly enhance the
wet-strength of the biolaver and extend the shelf-life of the completed
biosensor. In almost all instances, one or more of the biologically active
macromolecules listed in the preceding or following sections of this
disclosure may be successfully immobilized using a film-forming latex such
as Elvace or Eluer's Glue. In some cases, a more responsive sensor may
result when using a film-forming latex compared with the photoformable
proteinaceous matrix used in the glucose sensor. In a particular embodiment
of. the present invention, a film-forming latex is used to immobilize the
enzyme urease. A higher enzymatic activity is achieved in this case
compared to a urea sensor in which the biolayer is manufactured from a
photofortable fish gelatin. 20        Furthexaore, the porosity of the
biolayer can be controlled to a significant extent by incorporating certain
additives, such as salts (e.-g,, sodium chloride) or sugar alcohols (e.g.,
mannitol, erythritcl, or sorbitol), into the latex mixture prior to
deposition. Por example, the addition 25  of sorbitol to the latex
formation (1 g/dL of solution) significantly decreases the time needed for
wet-up of the dessicated urea sensor. A shorter wet-up period provides, in
turn, for a faster response. 5.3.3.  PERFORMANCE OF THE BUN SENSOR 



30 FIG. 9 shows the response of the ammonium ion sensor as a function of
time measured against the on-chip reference electrode. The measurements are
done on a sensor starting in the dry state. The initial slow increase is
due to wetting 36  of the sensor by the solution.  At the moment that the
This is the replacement sheet DatW:  " 8 MAR 199?    unknown solution is
injected the sensor responds very quickly so that Measurements can be done
within a few seconds. The test solution changes concentration from 2 to 20
SM ammonium. The three graphs on the figure are from different urea sensors
and show the uniformity of the response. The response of the BUM sensor to
aqueous urea solutions is given in FIG. 10. The initial decrease and
subsequent increase is due to the wetting of the sensor. After about 40
seconds the concentration is changed froa 1 to lo  10 UM urea. The slower
response, in comparison to the sensor of FIG. 3, is due to the outer
film-forming latex layer through which mass transport is necessary and
where also the catalytic reaction occurs before the ions can reach the
underying indicator electrode.  The Hicolsky selectivity i  coefficient are
taken into account in determining the urea concentration. FIG. 11 shows the
response of a BUY sensor to whole blood which has been spiked with urea to
elevate the level. The response is similar to the previous one.  The BUN
sensor has a linear range between 1 and 20 mM urea and a 20 measurable
range up to 40 am in blood. 5.4. AUTOMMED KICRODISPKSING SYSTEM An
important aspect of the microfabricating process described in the present
invention is an automated system 25 which is able to xicrodispense precise
and programmable amounts of the materials used in the biosensors of
interest. The microdispensing system, vhich is based on a wafer prober
(Pacific Western systems, sPl-c), is comprised of a vacuum chuck and a
syringe, each of which are attached to separate 



30 means for altering the vertical, horizontal, lateral, or rotational
displacement of these key elements of the system. For the sake of economy,
it is sufficient to have means for changing the vertical displacement of
the syringe so long as one can change the position of the vacuum chuck 35
multidirectionally.  The movements of both elements may be This is the
replacement Sfiset lDlw:     M i PAR 1997    controlled via a single
personal computer using customized software (Turbo-Ca to drive the
machinery. The position of the vacuum chuck way be reproducible within +13
microns or better in either x or y directions. The drop sizes which can be
dispensed reproducibly extends over a wide range. For volume sizes between
about 5 to about 500 nanoliters (nL), the drops can be applied with a
precision of about 5%. A solenoid having a 0.1% precision rating is
sufficient for this purpose. The height of the tip t0  of the syringe
needle above the biosensor should be between about 0.1 to about 1 ma,
depending on the volume to be dispensed: generally, the smaller the volume
of the drop, the lower the elevation of the needle from the sensor (Please
refer to Section 5.4.1.1, below). The precise alignment of the syringe
needle with the preselected area of the biosensor can be achieved
optically, if necessary, by means of a camera and a reticle. Such an
operation can be performed manually by an operator or automatically by
means of a visual recognition system 20  incorporating aspects of
artificial intelligence.  Of course, the rate at which material can be
dispensed onto the devices is limited by the speed with which the elements
of the system can arrive at their specified positions. However, multiple
syringe configurations may be operated advantageously as 25  described
further below. Referring now to FIG. 12, a suitable microdispensing system
will have the elements of a vacuum chuck, 1, on which the wafer, 2, is held
and the syringe, 5, holding the 



material to be microdispensed. The liquid material is 30  applied through a
needle, 6, with the aid of pressurized nitrogen or other suitable gas
supplied at 1C. The flow of the pressurized gas is controlled by a solenoid
valve, 9, which provides precise pulses of gas to dispense predetermined
volumes of material. The support arm, 7, may 3. be connected to a means S
for adjusting the vertical '. i;  L CriLenent skeet L>ae>      ~P ma17
-107- position, 2, of the syringe and needle. The film-forming latex
materials containing the appropriate hioactive molecule may be dispensed on
the biosensor chip, 3, at a preselected region, 4. As discussed above, the
vacuum chuck is also coupled to a means for varying the displacement of the
wafer multidirectionally. It is understood, of course, that the means, 6,
may also be varied aultidirectionally, if desired. An alternative
embodiment of the instant microdispensing device is illustrated in FIG. 13,
which O  comprises a plurality of independently controllable
microdispensing syringe assemblies. These assemblies are preferably mounted
on a circular support, it, having an opening, 12, below which opening the
wafer and vacuum chuck may be positioned appropriately. 15       Using such
a multiple assembly configuration, more than one component layer may be
established on the biosensor at any given time. Of course, the alignment
considerations are more complex in this multiple assembly configuration,
the individual needles needing to be positioned over particular areas of
the chip.  However, this configuration allows the most flexibility with
respect to where the fluids may be dispensed -hile accomplishing the
uniform microfabrication processes which are part of the primary objectives
of the present invention. 25 5.4.1. FURTHER COMPOSMTlONS AND )ETHODS USEPUL
FOR 



HICRODXSPEWSIKG WOCALIZED DISCRETE FILM LAYERS OF LONTOL1ABHI BUT UNIFORM
DIMENSIONS As mentioned briefly in Section S.1.3, the dimension of a
microdispensed layer (especially its thickness) are 30 governed by a
variety of factors. More specifically, the inventors have found that these
factors involve, among other things, the volume of and the manner in which
a fluid is dispensed, the composition and surface tension of the fluid, and
the free energy characteristics of the surface onto which 35 This is the
replacement sheet Date:   - 6 MAR 189    -108- the fluid is dispensed. The
following sections seek to explore more fully the intricate interplay
between these multiple factors and how their individual and collective
effects can be harnessed to provide a more reproducible but 5 versatile
manufacturing process. 5.4.1.1. VOLUWMTRIC MICRODISPENSING OF FLUIDS It is
useful, at this point, to consider the dynamics involved when a single drop
of fluid is formed at and O  expelled from a needle needle. As more fluid
is expelled from the needle tip, the drop will grow in size until the
gravitational force acting on the mass of the drop exceeds the opposing
forces maintaining contact with the needle tip. These opposing forces
include Is the adhesive forces between the needle tip and the fluid or
liquid, and surface tension of the liquid itself.  It is well established
that at low liquid flow rates where discrete drop formation is complete,
the drop volume is fixed. However, the volume may be changed by varying any
of the fluid related 20 parameters discussed above, or by changing the
diameter of the needle. tip thus changing the available surface area for
fluid adhesion. The present inventors have also demonstrated that the
exterior surface of the needle way be coated with an additional layer of a
material that modifies the fluid 



25  adhesion.  For example, a hydrophopic polytetrafluoroethylene (PTFE)
coating applied to the needle tip reduces the natural drop size of an
aqueous based latex material by reducing the adhresive forces between the
drop and the needle tip. Conversely, the needle tip can be coated with a
hydrophilic 30 material (e.g., crosslinked poly(vinyl alcohol) (PVA) to
enlarge the volume of the emerging drop before gravity pulls it away from
the needle tip. Doubtless, other variations can be readily conceived by
those of ordinary skill, which variations are considered part of this
invention.. 35 This is the replacement sheet Date:  -    MAR )99?    -109-
In circumstances where a controlled volume must be microdispensed onto a
surface, it has also been discovered that it is possible to have the
nicrosyringe tip positioned above the planar surface at a height which does
not allow the 5 drop to form completely (and then fall to the surface under
the influence of gravity), but the partially formed drop actually contacts
the surface and the new adhesive forces between the liquid and the surface
begin to spread the drop. If the needle tip is now retracted in the
Z-direction a O  sufficient distance away from the surface, then the
cohesive forces of the liquid is overcome and a volume of liquid less than
the fixed drop size would remain in contact with the surface. This
technique can be used to dispense reproducibly any volume of liquid from
about one-one thousandth of the fixed drop size or greater.  For example,
the present inventors have shown that an a nL drop of glycerol could be
dispensed reproducibly where the natural drop size would have been 8 pL.
254.4.1.2. FLUID COMPOSITIONS WITH PREDETERMINED 20
SURFACE TENSION It is well known that the surface tension, a, between a
pure liquid and its vapor phase can be changed by adding 



reagents. For example, if a fatty acid is added to water the hydrophilic
portion of the molecule is cohesive, whereas the 25  hydrophobic portion is
not, i.e., it resides in a high energy solvated state. Minimal work is
required to bring the solvated portion of the molecule to the surface, and
thus, the surface layer becomes enriched in the non-cohesive portion of the
fatty acid, reducing the surface tension. 30        Conversely, solutes
such as ionic salts added to aqueous systems increase cohesion (ion-dipole
interactions) between water molecules in the bulk of the fluid, increasing
the work required to introduce them to the surface. The surface tension of
the fluid is thus increased. 35 I.; ire replacement sheet Date:  , 6   g
I99?    In the context of the present invention, a brief discussion of
the.concept of a contact angle is appropriate. It is known that when a
small amount of liquid is placed on a planar solid surface, the liquid does
not wet the surface 5 completely (continue to spread indefinitely) but
remains as a localized drop having a defined contact angle, e, Cos  e (ASP
- USL,)/%V where asv is the surface tension between the surface and the
yapor, 0SL is the surface tension between the surface and the liquid, and
aLV involves the liquid/vapor surface tension. The geometry of the drop and
its associated contact angle reflect a balance between the cohesive forces
between 15 molecules in the Liquid and adhesivq forces between the liquid
and the surface. Where cohesive forces dominate, the contact angle is high
and when adhesive forces dominate the contact angle is low (See, for
example, FIG. 15). Clearly, a hydrophilic liquid will have a low contact
angle on a 20  hydrophilic surface, whereas a hydrophobic liquid will have
a high contact angle. If the contact angle, e is greater than 906 the
surface is said to be nonvetting. Simple optical instrumentation is
available for measuring contact angles. 



Tae microdispensable fluid compositions of the present 25  invention are
prepared to have a controlled optimized surface tension. Suitable additives
are used when necessary.  The hydrophobicity or hydrophilicity of the fluid
is controlled in the same manner. Where a cured membrane is required as the
end product, the solids content and volatile solvents 30  content are
carefully adjusted.  Horeover, the ratio of these components is also used
to control the viscosity. The preferred microdispensable compositions for
application onto a given surface are described further in the Example
Section. In particular, examples for formulations 36 are provided for
establishing layers which are sensitive to This is the replacement sheet
Date:   . M 6MAR OPf    Cl, Na ,+, pH, N M4  , and Ca   ions.  These
compositions comprise PVC polymer, plasticizers, ionaphores and solvents
with viscosities generally higher than those used for planar casting (e.g.,
spin-coating) of membranes. It has been found that these higher viscosity
compositions cure or dry without deformation of the membrane layer. Related
problems, e.g., that of ensuring the homogeneity of the matrix at high
viscosity and thus preventing phase separation of materials after time
(i.e., considerations related to shelf-life) are also alleviated by these
novel compositions. Other additives are also used to prevent long term
degradation of the membranes. Finally, the solvent system is selected to
provide the appropriate surface tension and stability. For le, Nae, NH +,
pH and Cat+ sensors, the solids content 15  (wt %) of plasticizer, PVC
polymer,.and ionophore are preferably 60-80%, 15-40% and 0.5-3%,
respectively. For the C1 'sensor, ratios of 25-40% plasticizer, 25-45% PVC,
and 25-35% ionophore are preferred. 5.4.1.3.  METRODS FOR TAILORING THE
SURFACE 20                     ENERGY OF A PLANAR STRUCTURE In addition to
the factors described above relating to controlled volumetric dispensing of
fluids having an 



optimized surface tension associated with a prescribed composition, the
present inventors have discovered that 25 tailoring the surface free energy
of the substrate, or surface onto which the fluid is dispensed, provides an
unexpected degree of control over the final dimensions, especially the
thickness, of the resulting layer. Even more surprising, it has been
discovered that a process which 30 combines these techniques gives
predictable and reproducible results. Furthermore, the resulting process is
highly versatile, allowing the deposition of arrays of biolayers of varied
composition and utility. 35 This is the replacement sheet    As an example,
consider a sensor consisting of a silver/silver chloride electrode with a
polyinide layer extending away from the electrode perimeter. If a control
fluid, e.g., a mixture of 80% glycerol and 20% water, is dispensed onto the
surface, a contact angle of 50" is attained. Pretreating the. surface Vith
a tetrafluoromethane plasma renders the polyiside surface more hydrophobic.
If the same control fluid is nov dispensed over the C74-treated surface,
contact angles of SON to 1200 are attained. Alternatively, if the polyiuide
surface is first treated with an oxygen plasma, the surface is made more
hydrophilic and contact angles of 10. to SON are attained with the same
control fluid. Referring now to the figures, FIG. l5a is a 15
representation of the perimeter of a silver/silver chloride electrode
circumscribed by a polyimide layer. FIG. 15b is the corresponding
elevational view of the electrode. As depicted in FIGS. 15c, 15d, and 15e,
the contact angle e, is small for a microdispensed hydrophilic fluid
resting on a 20 polyimide surface which had been exposed to an 2 plasma.
The contact angle is larger it the surface is untreated and increases
further if the surface is first treated with a CF4 plasma. Thus, the
configuration of the dispensed fluid over 



a given surface is manageable to a large extent by a careful choice of the
conditions to which the given surface is (or is not) subjected. During
plasma treatment two net processes may occur: either the surface is etched,
e.g., surface material reacts with the plasma and is removed, or material
is deposited from 30 the plasma onto the surface. Therefore, the nature of
the surface is as important as that of the plasma. The following table can
be constructed summarizing the effect of different plasmas on different
surfaces. 35 .3 is thste repsacement sfiset sate.   . & "Ah WI    02,' 2'
H20' SURFACE           CF4             CFAr Silicon         etching/
deposition/    etching/ 5  Dioxide         hydrophilic   hydrophobic
hydrophilic Polyinide       deposition/    deposition/    etching
hydrophobic   hydrophobic   hydrophilic Silver          etching/
deposition/    etching/ hydrophilic   hydrophobic   hydrophilic 10 Such
processes have the clear advantage of modifying a surface, in a controlled
wianner, from one which is highly wettable to one which is non-wettable.
The effective contact angle of the control material is determined by the is
composition of the gas and the power, duration, and pressure of the plasma.
Prior to microdispensing the preferred fluid compositions described above,
the silicon wafers with microtabricated base sensors and polyinide
passivation layers 20  may be plasma treated under any of the above listed
conditions. Hence, the argon plasma has the effect of etching the surface
(hydrophilic), vher**a the CF4 placma nakes the surface more hydrophobic.
Ultimately, a tailored surface energy affords control over the spreading of
the 



25 material of a aicrodispensed fluid or membrane material. Control over
the spreading affords control over the membrane thickness. Control over the
membrane thickness leads, in turn, to highly reproducible membrane response
characteristics. 30        For establishing thick membranes, (e.g., 40-60
go thick), the surface is preferably tailored so that the contact angle
which the microdispensed fluid makes with the surface is large. For
example, before an aqueous latex membrane is microdispensed, the surface is
first plasma 35 This is the replacement sheet Date:    6MAR |    -114-
treated to yield a contact angle for water (control fluid) in the range
500-70..  This point is illustrated in FIG. 16a for a potentiometrio
ammonium ion sensor. For thin membranes the surface is tailored to have a,
low contact angle for the dispensed fluid (e.g., for a 1 tm NPR enzyme
layer microdispensed as an aqueous solution, the contact angle may be 10-30
(See, Fig. 16b). In a specific embodiment of the present invention, the
surface energy of the perimeter of an electrode surface is tailored in such
a fashion to create conditions under which one obtains the desired membrane
thickness upon dispensing of a given volume of a photoformable
proteinaceous mixture. The dispensed fluid flows in a controlled manner and
produces a film of a controlled thickness. As illustrated in FIG. 16c, is
subsequent exposure of the resulting film to active radiation, at
preselected areas of the photoresist film, renders those exposed areas
insoluble to a developing medium. A patterned layer is obtained after the
development step. The dimensions of the resulting layer are controlled, 20
therefore, in a manner and degree not unlike that obtained through
spin-coating. A major difference, of course, is that by employing the
methods of the present process, numerous 



types of membranes, bearing a variety of bioactive molecules, can be
established in a single wafer without compromising the 25  control and
reproductibility of an ideal microfabrication process. Hence, a multiple
syringe assembly, such as that illustrated in FIG. 13, may be employed to
dispense several types of biolayers. All the resulting layers say then be
localized further to preselected areas of the electrode by 30 exposure to a
single photopatterning step. s.s. cfEaTIrI1nE AND cREATItS SEKSORS
Preferred embodiments for a creatinine sensor, and a creatine sensor are
also described in the Examples section of 35 the disclosure. To attain the
maximum activity of the This is the replacement sheet Date:  - M R I   w
immobilized enzymes for the creatinine assay, creatinine amidohydrolase and
sarcosine oxidase are immobilized in a photoformed gelatin layer.  The
creatinase is then immobilized in a film-forming latex applied as an
overlaid S structure. The creatine sensor is constructed in a similar
manner, with the creatinine amidohydrolase being omitted from the gelatin
layer.. As these examples show structures and processes which combine the
photoformable gelatins with the film-forming latices are readily obtained.
10 5.6. OTHER CRACTERISTICS The sensors described herein are designed to be
compatible with a disposable sensing device.  For a disposable sensing
device for use in real time fluid analysis 15  {See, co-pendinq U.S.
Application Serial No. 07/245,102, the entire disclosures of which is
incorporated herein by reference). These sensors must therefore have the.
capability of retaining an excess amount of enzyme to ensure an extended
shelf-life when stored dry. The layers must be thin enough 20 and permeable
enough, however, such that wet-up, calibration, and a measurement of an
analyte in a biological fluid can all be performed in real time, preferably
within a total of about 



one minute. With respect to the amperometric sensor for glucose, electrical
pulsing of the electrocatalyst prior to 25 the calibration and measurement
steps, is advised to activate the electrocatalyst surface and help ensure
the highest possible hydrogen peroxide currents  These sensors are also
designed to be compatible with a static-free interrogating (SMART)
connector for electrical components (See, co-pending 30  U.S. Application
Serial No. 187g665, the complete disclosure of which is incorporated herein
by reference). The following examples serve to illustrate the general
aspects of the present invention and are not to be construed as limiting,
in any way, its scope and utility. Other embodiments may become 36 I;s 14
Pe repiacernenm sheet b2~ate:   -' & IAA    apparent to those of ordinary
skill which do not depart significantly from the scope and spirit of tie
present invention and may, therefore, be deemed equivalent thereto. 6.
EXAMPLES 5 6.1. GLUCOSE SENSOR 6.1.1.  BASE SENSOR FABRICATION WITH SXGNAL
LINE PASSIVATION 10        The preferred design for a glucose sensor is a
unit cell which comprises two identical iridium catalytic electrodes both
surrounded by a single silver-silver chloride combined reference and
counter electrode (See, Figs. I and 2). Each of the three electrodes is
connected by an over- 15 passivated signal line to one of three contact
pads. The unit cell is confined within a rectangular area which is repeated
in a square array several hundred times on a single substrate1 in this
case, a silicon wafer. A four-inch diameter silicon wafer with a topical
layer 20  of silicon dioxide, *hich had previously been cleaned
scrupulously with a concentrated mixture of sulfuric acid and hydrogen
peroxide, is placed into a plasma deposition system. 



Layers of titanium (0.1 pE). and silver (0.5 gdu) are sputtered
consecutively onto the wafer surface. The silver is then 25  processed to
localize it to a region which in the final device acts as the combined
reference and counter electrode. This step is achieved by a standard
lithographic technique in which the wafer is spin-coated with positive
resist (Shipley, AZ 1370 SF). After UV exposure of the photoresist through
a 30 mask and development (Shipley, AS 351)  the exposed silver is removed
by using a b.9 X aqueous solution of ferric nitrate as the etchant.
N-methylpyrrolidone solvent is used to remove the remaining photoresist,
thus exposing the required silver structure. The underlying titanium layer
is then 35 This is the replacement sheet Date:   I 6AR Ng    processed to
leave material in regions which act as either a contact pad or a-signal
line. This process is achieved by repeating the same lithographic process,
as described above for silver, with the exception that a 3.9 M aqueous
mixture S of nitric acid also containing 0.76 M of hydrofluoric acid is
used as the etchant. To passivate the signal lines a photo-definable
polyiaide (DuPont 2703) is spin-coated onto the wafer. Once the wafer has
been exposed to UV light and developed with a la solvent mixture of
butyrolactone and xylene (6:4 v/v), the polymer is heated and "Miidized" in
an oven at about 350-C for about 30 minutes under an inert atmosphere and
left to cool to about 1504C before removal. To fabricate the iridium
catalytic electrode, positive i5 photoresist (Shipley, AZ 1370 SF) is
patterned as described above.  A layer of iridium (0.1 pm) is then
sputtered onto the wafer. Excess photoresist and excess metal on the resist
are then removed by treatment with N-methylpyrrolidone to leave an
octagonal (width 200 Sam) iridium layer. The areas of silver are then
chloridized by dipping the entire wafer into a 12 wK aqueous solution of
potassium dichromate also 



containing 60 vM hydrochloric acid. To sensitize the catalytic electrode
specifically to glucose, additional layers are established on the base 25
sensa. 6.1. 2.    MELEcTm   SXLMRE LIYER An alcoholic solution of the
silane compound, N-(2- azinoethyl)-3-aminopropyltriuethoxysilane, is
prepared as 30  follows,- 10 g of a mixture comprising the silane (2 mL),
water (9 mL), and ethanol (90 hL) is mixed with 50 q of ethanol. A
sufficient amount of this alcoholic silane solution is spin-coated onto a
wafer. The wafer is then baked in an oven at about 90-250-C for about 5-30
minutes. 35 This is the replacement shset Date. 6:    Alternatively, the
silane layer can be established on preselected areas. (i. e, over the
catalytic electrode surface) of the silicon wafer having the base sensor in
place. Hence, a layer of positive photoresist (Shipley, Az 6  1370 SF) is
spin-coated across the wafer and soft-baked at about 900C for 30 minutes.
.It is then patterned as described previously to leave the area over the
catalytic electrode exposed. A 0.5 q/dL solution of F-(2-aminoethyl)-3-
aminopropyltrimethoxysilane in deionized water is then spin- coated onto
the wafer and baked at about 90C for 15 minutes under an inert atmosphere.
Excess polymerized silane and photoresist is then removed by means of
ultrasonication in _-butylacetate for about 15 minutes. After the
photoresist is removed the wafer is post-baked at about 160'C for 15 Is
minutes. This 'lift-offO process yields a wafer in which the silane layer
is localized over the catalytic electrode. If one prefers, the silane layer
may also be established locally by means of a photoresist cap. A typical
procedure is outlined below: 20       A silicon wafer with a patterned
array of amperometric electrochemical sensors, in which the catalytic
working 



electrode la a thin-film of iridium metal and the reference electrode is
silver-silver chloride, is spin-coated with a 0.5 g/dL solution of
E-(2-aminoethyl)-3-aminopropyl 25 trimethoxysilane in deionized water. The
wafer is then heated to about 160'C for about 15 minutes. The wafer is then
spin-coated with positive photoresist (Shipley, AZ 1370 SF), soft-baked at
about l300C for about 60 seconds, and then patterned by means of exposure
to ultraviolet light through a 30 mask. The resist is then developed
(Shipley, AZ 351) to leave a resist cap over the catalytic iridium working
electrode. The wafer is then etched in a 1/500 fold dilution of
hydrofluoric acid (10 O) in deionized water to remove excess polymerized
a-(2-aminoethyl)-3- 35 aminopropyltrimethoxysilane. other protic solvents,
such as T;Sl The replacementstes. Date:    - &    ALO    lower alkanols,
may be used as the solvent for the hydrofluoric acid.  Mixtures of protic
solvents may also be used. Typically the concentration of hydrofluoric acid
in the protic solvent lies in the range of about 0.001 to about 0o.01
weight percent. The resist cap is then removed by exposure of the wafer to
_-butylacetate followed by ultrasonication for 15 minutes. The above
procedure leaves the silane layer only on the catalytic electrodes. In an
alternative method? the wet etch step involving 0  hydrofluoric acid is
replaced by a dry etch using an oxygen plasma, achieving similar results.
6.1.3.  PH0TOFORMABLE FISH GErATIN AS SUPPORT MATRIX FOR DIOLAYER
Photoformable fish gelatin containing ferric ammonium 15 citrate as
photoinitiator may be purchased from Norland Products, Inc., New Brunswick,
N.J. These negative photorosists (the commercial materials are referred to
as WPR followed by an integer) may also be prepared fresh by mixing aqueous
solutions of fish gelatin (cold water fish skin sold 20  as a 45% aqueous
solution by Sigma chemical Company, cat. go. 



G 7765), metal complex, and a crosslinking agent. A sugar alcohol, such as
sorbitol, or xannitol, may also be included in the formulation to alter the
porosity of the photoformed matrix. As noted previously, a commercial 25
formulation known as KPR 6, which contains a chromium-based photoinitiator,
may also be used. The enzyme biocatalyst, glucose oxidase (in the present
example), may be mixed into the NPR or freshly prepared fish gel mixture
and spin-coated across the base sensor wafer. A 30 typical formulation may
comprise about 2 to about 35 gVdL fish gelatin, about 2 to about 100 *M
metal complex, about 2. to about 100 AM crosslinking agent, and about 1 to
about 25 ig/mL enzyme. The formulation may also contain about 0.1 to about
10 g/dL sugar alcohol and about 0.001 to about 1 g/dL 36 This is the
replacement sheet Date:    6    -120- of a detergent. A preferred
formulation comprises 10% fish gelatin, 13.3 nM ferric citrate, 13.3  M ,NM
- methylenebisacrylamide,. and 6.7 mg/uL glucose oxidase. Another suitable
formulation comprises NPR-29 (diluted with S deionized water to a final
protein content of lot by weight of the total mixture), glucose oxidase
(6.7 ug/mL), sorbitol (2 g/dL), and Triton X-100 (0.03 g/dL). The pH of the
fish gelatin or NPR formulations way be adjusted with added carbonate or
sodium hydroxide, if desired, to a pH above g0 about 4 before addition of
the enzyme. Most preferably, the pH of the formulation should be greater
than about 4 but less than about 9 to. prevent a significant inactivation
of-the biocatalyst. The amount of proteinaceous material applied on the
wafer can be varied to adjust the thickness of the final biolayer.
Preferably, this thicmess is about 0.1 gm. More economically, the
formulations say be microdispensed directly over the indicator electrodes
of the base sensors. The 



wafers are then exposed to UV light (6 W/cm2, 30 seconds) 20 through an
appropriate mask and developed in 1 g/dL aqueous hydrogen peroxide for
about 20 seconds. Alternatively, the protein matrix may be established and
patterned on the wafer without the enzyme present. The entire wafer may
then be immersed in an aqueous solution of 25 the enzyme glucose oxidase
(Sigma type VII: 150 IU/mg) at a concentration of 20 mg/EL for 2 minutes.
This procedure is efftative to impregnate the gelatin layer with a
sufficient amount of enzyme. Excess enzyme can be removed by washing the
wafer with water. 30 6.1.4. GLUCOSE SENSOR WITHOUT SXGMAL IUE PASSIVATION
AND USE OF CHROHIUM-BASED RPR VATRIX An alternative design for a glucose
sensor is a unit cell which comprises two identical iridium catalytic
electrodes both surrounded by a single silver-silver chloride 35 This is
the replacement sheet Date:    6 A    combined reference and counter
electrode (see, FIGs. X and 2). Each of the three electrodes is connected
by an unpassivated signal line to one of three contact pads. Elimination of
the passivation step reduces the number of manufacturing steps.  The
absence of the passivation layer also reduces the gross topography on the
water and allows better control of the thickness of materials which are
subsequently spin-coated across the wafer. The unit cell is confined within
a rectangular area which is repeated in a square array several hundred
times on a single substrate, in 10 this case, a silicon wafer. A four-inch
diameter silicon water with a topical layer of silicon dioxide, which had
previously been cleaned scrupulously with a concentrated mixture of
sulfuric acid and 15 hydrogen peroxide, is placed into a plasma deposition
system. Layers of titanium (0.1 am) and silver (0.5 Sm) are sputtered 



consecutively onto the wafer surfaoe. The silver is then processed to
localize it to a region which in the final device acts as the
combined.reference and counter electrode and the contact pads. This step is
achieved by a standard lithographic technique in which the wafer is
spin-coated with positive resist (Shipley, AZ 1370 SF). After UV exposure
of the photoresist through a sas1 and development (Shipley, AZ 351), the
exposed silver is removed by using a 0.9 K aqueous 25 solution of ferric
nitrate as the etchant. N- methylpyrrolidone solvent is used to remove the
remaining photoresist, thus exposing the required silver structure. To
fabricate the iridium catalytic electrode, positive photoresist (Shipley,
AZ 1370 SF) is patterned as described 30  above on the wafer and then a
layer of iridium (0.2. im) is sputtered onto the wafer. Excess photoresist
is then removed by treatment with )-methylpyrrolidone to leave an octagonal
(width 200 pa) iridium layer.  The underlying titanium layer is then
processed to leave material in regions which act as either a contact pad or
a signal line. this process is h Se reolacement sheet Date:    -122-
achieved by repeating the same lithographic process, as described above for
silver, with the exception that a o.07 x aqueous solution of hydrofluoric
acid is used as the etchant. The areas of silver are then chloridized by
dipping the entire wafer into a 12 AM aqueous solution of potassium
dichromate also containing 6O EN hydrochloric acid. The remaining
photoresist is then removed with N- methylpyrrolidone. The silane layer is
then localized over the iridium 10  electrode with the aid of
photolithographic techniques described previously in Section 6.1.2, above.
After the silane-coated wafer is baked at about 1600C for about 15 minutes,
Norland NPR material, diluted to 7.5 q/dL solids and also containing the
enzyme glucose oxidase (Sigma type 



VII:150 XU/ug) at a concentration of 20 mg/mL, is spin-coated onto the
wafer to provide a coating about 0.1 ga, in thickness. After UV exposure
through the appropriate Bask, the enzyme-containing negative photoresist is
developed in water providing a self-aligned biolayer positioned directly
over the iridium indicator electrode. 20 6.1.5.  ANALYTE ATTENULTZON (a}
LAYER Dimethylsiloxan&-bisphe"ol A carbonate copolymer (3 q/dL solution)
dissolved in a solvent mixture of phenetole 25  and dichloromethane (4:1
v/v) is spin-coated onto the water. Subsequently, the wafer is etched for
10 seconds in an argon plasma. A layer (0.2 am) of KM (diloted to 15 g/dL
solids) is then spin-coated over the siloxane copolymer. The gelatin layer
is exposed to UV light through a mask and developed in 30  water to provide
a protective octagonal cap 450 Am in width, centered over the catalytic
iridium electrode and above the underlying siloxane copolymer. The excess
unprotected siloxAne is then removed by a wet etching agent (a 17 gVdL
solution of tetramethylammonium hydroxide in a solvent 36 mixture of
methanol and isopropylalcohol (2:1 v/v)). The This is the replacement sheet
Date:   -     id.    -123- wafer is then washed and diced into individual
sensors and stored essentially dry under a controlled humidity environment.
As noted earlier, numerous enzymes may be imobilized by a process similar
to that described above. Persons skilled in the art need only carry out a
minimum amount of experimentation to determine the feasibility of
immobilizing a given enzyme or mixture of enzymes. In addition to fish
gelatin, other materials, such as bovine or human serum 10  albumin (BSA or
HSA), gamua-globulin, casein, or other animal gelatins may serve as
possible sources of protein provided that a given combination of protein,
crosslinking agent, 



photoinitiator, and other additives is found to have suitable negative
photoresist characteristics. 16  6.2. PREPARATION OF IAR-BASED BEOSER(SORS
AND IMETHOS FOR TH -USE %SREF 6.2.1. BASE SENSOR FABRICATION A four inch
diameter silicon wafer with a topical layer 20 of silicon dioxide which had
previously been unscrupulously cleaned with a concentrated mixture of
sulfuric acid and hydrogen peroxide is placed into a plasma deposition
system and layers of titanium  (about 0.1 gm) arnd silver (about 0.5 sm)
are sputtered onto the wafer surface. The silver is then 25 processed by
standard lithographic-techniques to localize it to a region which in the
fial device acts as the combined reference and counter electrode (Lee,
e.g., Level 4, FIG. 17A). The wafer is spin-coated with positive resist (AZ
1370 SF), subjected to UV exposure of the photoresist through a 30  mask,
and then developed (AZ 351)  The exposed silver is removed by using an
aqueous solution of ferric nitrate (0.9 M) as the etchant.  Removal of the
remaining photoresist to expose the required silver structure is done with
V- methylpyrrolidone. The underlying titanium layer is then 36 This is the
replacement sheet Date:    6  R *7    -124- processed to leave material in
regions which act as either a contact pad or a signal line. This step is
achieved by repeating the same lithographic process, as described
previously for silver, with the exceptions that a different mask is used
and the etchant is an aqueous mixture comprising nitric acid (3.9 M) and
hydrofluoric acid (0.78 M). To passivate the signal lines a photo-definable
polyimide (DuPont 2703) is spin-coated onto the wafer. once the wafer is UV
exposed and developed with a mixture of butyrolactone and xylene (6:4 V/v),
the polymer was iaidired in an oven at 



10 3500C for 30 minutes in an inert atmosphere and allowed to cool to 1506C
before removal from the oven. To fabricate the catalytic electrode,
positive photoresist (AZ 1370 SF) is patterned on the wafer and then a
layer of the electrocatalyst metal as sputtered onto the wafer. For iridium
such deposition is preferably carried out at a rate of about 0.4 nm/sec to
a thickness of about 20 na; for gold, the preferred rate of deposition is
about the same but to a thickness of about 100-120 nx. Excess photoresist
20  is removed by treatment with #-methylpyrrolidone to leave an octagonal
(width 200 gm) catalytic layer (See, Level 5, FIG. 1). The areas of silver
were then chloridized by dipping the entire wafer into an aqueous solution
comprising potassium dichromate (12 XV) and hydrochloric acid (60 m). ,25
6.2.2. *   st-ROCESSXG OF BASE SENSOR After processing, the wafers are
scribed. For example, wafers which are about 0.46 mm thick, are scribed
(partially 30 diced) along both the X and Y axes defined by the rectangular
unit cell of the sensor such that about 0.18 mm of the silicon substrate
remains. This technique provides the necessary structural integrity for the
steps which follow, 35 ,.~ . lse r Iereicemetshe    -125- (eg,, deposition
of the biolayers) but permits the easy separation of the water into
individual sensors upon completion of the process. The base sensors,
exemplified above are.processed 5  further into LLR-based biosensors by
establishing additional layers which have an affinity for the desires
analyte species. Methods for establishing additional suitable layers are
described further. 6.2.3. LAYERS FOR THE DETEC2ION AND 



10                       MEASURE   OF HUM  IaG This particular embodiment
comprises two additional layers above the iridium base sensor: a silane
layer which permits dioxygen and hydrogen peroxide transport and also
serves as an anchor to which the second layer of an 15  iuminologically
reactive first umeher is covalently bound. To establish the silane layer
onto the wafer, a 0.05 gfdL solution of X-(2-azinoethyl)-3-
aminopropyltrimethoxysilane in a mixture of isopropanol:water (92:8, v/v)
is spin-coated onto the scribed wafer and baked 20 in an oven at 90-C for
20 minutes. The wafer is allowed to cool to ambient temperature.
subsequently, the layer is patterned in the manner described previously in
Section 6.1.2. The wafer is then soaked in a 1 g/dL aqueous solution of
glutaraldehyde for X hour at ambient temperature and, 25 afterwards,
air-dried at ambient temperature. A solution (100 nL) containing 2.65 =g/%L
of goat anti-human IgG antibody (first zember) in 0.01 X sodium phosphate
buffer with 0.2S M "aCl, pH 7.6, is then microdispensed automatically onto
individual iridium 30 electrodes on the water. During xicrodispensing, the
wafer is placed in a controlled humidity chamber, to prevent drying, at
ambient temperature for 20 minutes. Unbound receptor is then removed by
washing the wafer with deionized water. The sensor may then be stored dry.
35 This is the replacement sheet Date:     6 qD     6.2 . 4. AHALYTE:
THEOPX;LINE A wafer having base sensors equipped with gold catalytic
electrodes is processed in exactly the manner described in Section 6.2.3.
with the exception that 5 microdispensing of the first member utilized an
anti- theophylline antibody. 6. 2.5. AN MI1-MASED BIOSERSOR FOR RUKN IgG
EQITPPZD WITH UIDERLIRG ELLCOLYTE 



AND GAS PEIEMBE M&YERS 10       A wafer with gold catalytic electrodes as
described above is spin-coated with a mixture of negative photoreist NPR 6
(by Norland, lew Norunswick, KJT) to provide a layer having a thickness of
about 1 pm. The coated wafer is then introduced to an oxygen plasma for 10
seconds, before a 15 solution of siloxane-nonsiloxane copolymer,
dinethylsiloxane bisphenol A carbonate available from Petrarch, PA (6 q/dL
in Chlorobenzene), is spin-coated onto the wafer to provide a layer having
a thickness of about 0.7 ja. The wafer is again exposed to an oxygen.
plasma for 10 seconds. Finally a second 20  layer of negative photoresist,
NXPR 6, is established on the wafer at a thickness of about 0.7 pa. The
wafer is then exposed to UV radiation through a mask corresponding to the
area over the electrode structures. The topmost layer of negative resist is
developed in 25  deionized water for 5 seconds to provide a cap for etching
the underlying siloxane-nonsiloxane copolymer layer (gas permeable).
Etching of the copolymer layer is achieved with a 0.2 M solution of
potassium hydroxide in a mixture of methanol and isopropanol (1: 5 parts by
volume).  Finally the 30 bottom (first) layer of negative photoresist is
developed in deionized water. After the water is washed and scribed, goat
anti-human IgG antibody is immobilized onto the sQensr surface in the
manner described previously in Section 6.2.3 ., preferably 35 This is the
replacement shset Date:     -127- with a glutaraldehyde crosslinker. The
resulting structure resembles that shown in FIG. 7A except that the ligand
receptor or immunoreactive species is also present over the photoresist
layer, 9. 6.2.6.  _UTMTIVE TnEoPHYLiRE  riwsS A set of three layers based
on negative phatoresist and 



a siloxane non-siloxane copolymer as described in Section 6.2.5.. are
fabricated with one change in the. process. After 10  spin-coating of the
first MPR 6 layer, the wafer is exposed to UV radiation through a mask
corresponding to the preselected areas over the electrode and then
developed in deionized water. Subsequently, the additional siloxane non-
siloxane copolymer and NPR 6 layers are deposited and 15 patterned in a
manner corresponding to the enclosed structure of FIG. 7B. After washing
and scribing, the wafer is further processed to establish the immobilized
ligand receptor layer, in this case an anti-theophylline antibody layer.
The final structure resembles that illustrated in FIG. 88. 20 6.2.7. ASSAY
PROCEDUSE FOR THE ANALYSIS OF  e   IqG Affinity purified goat anti-human
IgG is immobilized on a nicrofabricated LLa-based biosensors as described
in 25  Sections 6.2.1 to 6.2.3. An equal volume of a test serum containing
human IgG (analyte) and enzyme-labeled antibody (goat anti-human
ZgG-enzyme) are pre-aixed and 5 pal of the resulting mixture are added to
the immanosensor. Samples of Phosphate Buffered Saline (2.5 mI Sodium
Phosphate Monobasic, 30 7.5 vM Sodium Phosphate Dibasic, and 0.145 K Sodium
Chloride, pH 7.2), or whole blood containing human Immunoglobulin G, mixed
with an equal volume of goat anti-human Immunoglobulin G labeled with
alkaline phosphatase can be used instead of 35 r-l ;s us fe replacement
sheet ! are;9    the serum sample. An LW-based biosensor, as described in
Section 6.2.5, is also suitable, indeed preferable, in the present method.
The immunosensor and the mixture are then incubated for about 15 minutes at
about 37-C to allow for the binding of the human XgG in the test strum to
the goat anti-huzan Igr 



(capture receptor) immobilized on the immunosensor. The immunosensor is
washed briefly to remove any non-specifically bound proteins. The washing
can be effected using a first 10 wash with distilled and deionized water
containing 0.1#; (v/v) Tween 20 (polyoxyethylene sorbitan monolaurate); and
a second wash step using only deionized water. This wash step may
alternatively be accomplished by the introduction of a solution containing
3.0 mK indoxyl phosphate, a substrate for 5 alkaline phosphatase. This
addition results, eventually, in the production of hydrogen peroxide and
the consumption of dioxygen. TMe amount of electroactive species produced
or consumed is directly proportional to the amount of human XgG in the
serum. In assays consuming dioxygen, the presence of 10 ng/mL
iumunoglobulin G can be detected. The entire assay 20. is accomplished in
less than twenty ainutes. Rowever, it will be appreciated that the
sensitivity of the assay may be adjusted by varying the concentrations or
incubation times. Standard curves can be stored preferably as a linear 25
function in the electronics memory of the overall device (See, for example,
prior co-pending U.S. application Serial We. 245,102). It is understood
that change in hydrogen peroxide may also be detected, using, preferably,
an iridium metal electrocatalyst. 30 6.2.8.  ASSAY PROCDWRE FMR TIE AALYSIS
OF THROPRYLLXNE An affinity purified mouse anti-theophylline antibody is
immobilized onto an LW-based biosensor as described in Sections 6.2.4 and
6.2.6, supra. An equal volume of a test 35 This is the replacement sheet
Date:    6 MAR M    serum containing theophylline and enzyme-labeled
theophylline are pre-mixed. A.portion of the resulting mixture (5 uL) is
added to the immnunosensor. The mixture is then incubated 



with the immunosensor for a finite time at a fixed temperature, for
example, at 15 minutes at 370C, to allow for the binding of the
theophylline in the sample to the iwmobilized antibody on the imunosensors.
The lunaunosensor is then washed briefly to remove any non-specifically
bound proteins. The washing can be effected using a first wash 10 with
distilled and deionized water containing 0.1% (v/v) Tween 20, followed by a
second wash step using only deionized water. Alternatively,, a solution
containing 3.0 mH indoxyl phosphate, a substrate for alkaline phosphatase
is then added, serving as the wash solution and resulting in the 15
production of hydrogen peroxide and.consumption of dioxygen. The amount of
electroactive species produced or consumed gives rise to a change in the
concentration of the electroactive species of interest, which change is
inversely proportional to the amount of theophylline in the sample. In 20
assays consuming dioxygen, the presence of.less than 2.5 ug/=L theophylline
can be detected. The entire assay is accomplished in less than about twenty
minutes. It will be appreciated that the sensitivity of the assay may be
adjusted by varying the concentrations or incubation times. 25 6.3. URIC
ACID SENSOR The preferred  bodient for a uric acid sensor utilizes the base
sensor described previously for a glucose sensor. Also, although the design
of the biolayers is the 30  same as for the glucose sensor, the fabrication
of the biolayers is slightly different. A 0.3 g/dL solution of
N-(2-aminoethyl)-3- aminopropyltrimethoxysilane in a solvent mixture of
ethanol and water (92:8 v/v) is spin-coated onto the base sensor wafer and
baked in an oven at 170C for 15 minutes. This is the replacement sheet
Date: _   M Claa    -130- 



Photoformable fish gelatin (Norland NPR) is then mixed (1:4 parts) with a
solution of uricase (Toyobo 15 mg/aL: 6.63 1U/mg) and automatically
microdispensed directly over the catalytic iridium electrodes of the wafer.
sufficient s material (10-100 nL) is deposited in this technique to allow
for the coverage of an area about three times the diameter of the catalytic
iridium electrode. After drying, the wafer is UV exposed through a %ask and
developed in a solution of 0.6% hydrogen peroxide to yield a self-aligned
cross linked gelatin/uricase layer having a thickness of about 0.6 go
positioned directly over the catalytic iridium electrode. A 3 g/dL solution
of dinethylsiloxane-bisphenol A carbonate polymer dissolved in a solvent
mixture of phenetole and dichloromethane (2:1 v/v) is spin-coated onto the
wafer. Subsequently the water is etched for 10 seconds in an argon plasma.
A layer (X.0 sa) of photoformable gelatin (forland NPR) is then spin-coated
over the siloxane copolymer. Once the gelatin layer is UV exposed and
developed in water to provide a protective cap self-aligned above the
catalytic 20  iridium electrode and over the underlying siloxane copolymer,
excess siloxane is removed by a wet etching agent (a 17 g/dL solution of
tetramethylammonium hydroxide in a mixture of methanol and isopropylalcohol
(2:1 i/v)). The wafer is then washed and diced into individual sensors;
these sensors are stored essentially dry in a controlled Uuaidity
environment. 6-4. 2-RCO-SED GWCOSE AND MiO MESTER0L SENSOR The preferred
embodiment for a dual-analyte combined sensor that is processed with a
single development step for '30 the enzyme layers is described for glucose
and cholesterol. A silicon water, processed by standard uicrofabrication
techniques described above, in the preferred embodiment for the single
glucose sensor, is used. The wafer which is 0.46 as thick is partially
diced or scribed along both the X and Y axes defined by the rectangular
unit cell of the sensor, such ~,- .-e ropiacernent sheet Date:   -> t;<,;
.97    



-131- that only-about 0*.15 m of the silicon substrate remains. This
procedure provides the necessary structural integrity for the steps which
follow, but permits the easy cleavage of the wafer into individual sensors
at the end of the process. The wafer is spin-coated with a solution of 0.3
q/dL N- (2-amineethyl) -3-aminopropyltriuoethoxyrilane (ethanol:water,
99:1, v/v) and then heated under an inert atmosphere at about 1706C for
about 15 minutes. A mixture (0.15 uL) containing 0.07 Kj sodium carbonate,
2.0 g/dL 10 sorbitol, 0.033 g/dL Triton X-100 (PEG, Rohn and Haas), 6.7
mg/mL glucose oxidase (Sigma type VII; 150 IU/mg), and 0.05 mt of a fish
gelatin (Norland NPR 29) is applied to the center of the catalytic iridium
electrode using an automated microdispensing device. The volume is adjusted
(10-100 nL) such that the liquid spreads over an area approximately three
16 times the diameter of the catalytic iridium electrode. A second mixture
of the same composition as above but containing 6.7 a3g/mL of cholesterol
oxidase (Toyobo type A: 261 IU/mg) is then applied by the same technique to
the 20  adjacent catalytic iridium electrode on each sensor. After drying
under ambient conditions, the wafer is exposed to UV light through a mask
so that only the region above each catalytic iridium electrode receives
light. Then the wafer is developed by immersion and gentle agitation for 26
20 seconds in freshly prepared 0.1 gVdL aqueous hydrogen peroxide to yield
crosslinked gelatin/enzyme layers about 0.5 sm in thickness self-aligned
over the catalytic iridium electrodes. Alternatively, a fish gelatin
formulation comprising 5 30 g/dL fish gelatin from Sigma, 4 g/dL, ferric
ammonium citrate, 6.7 mg NMl-methylenebisacrylanide, 2 g/dL sorbitol, 0.033
g/dL Triton X-o100, and 6.7 mg/aL enzyme (glucose oxidase or cholesterol
oxidase or both) can be microdispensed 35 This is the replacement sheet
Date:      6 MAR W  



-132- onto the indicator electrode, exposed for 30 seconds (6 UW/cU ), and
developed for about 20 seconds in 0.3 gVdL aqueous hydrogen peroxide. A
solution of dimethylsiloKane-bisphenol A carbonate copolymer (0.1 g),
dichloromethane (0.9 g), chlorobenzene (17.0 q), and diphenylether (3.0 g)
is then microdispensed directly over the crosslinked gelatin/enzyme layers
to cover an area about three times the diameter of the catalytic electrode.
Finally, the wafer is cleaved to give combined tO  glucose and cholesterol
sensors. These devices are stored, as usual, dry. 6.5.
IAOSIKE-5-TRIPKOSPRA$E SENSOR The preferred embodiment for an adenosine-5-
is triphosphate (AT?) sensor utilizes the base sensor as described
previously for the glucose sensor. However, the wafer is scrbed before the
biolayers are applied as described previously for the preferred embodiment
of the combined glucose and cholesterol sensor. 20        A 0.3 g/dL
solution of E-(2-aMinoethyl)-3- aminopropyltrimethaxysilane, in a solvent
mixture of ethanol and water (92:8 v/v) is spin-coated onto the base sensor
wafer and baked in an oven at 170'C for 2.5 minutes. Photoformable fish
gelatin (Norland NPR 29) is then mixed 25  (1:4 v/V) with an aqueous
solution containing glycerol kinase (Toyobo 15 ugf/Li 28 ZU/mg) and
glycerol-3-phosphate oxidase (Toycbo is ag/uL: 844.4 U/1mg). 'The resulting
mixture is then automatically xicrodispensed directly over the catalytic
iridium electrodes on the wafer. Sufficient material (10-100 30   is
deposited by this technique to allow for the coverage of an area
approximately three times the diameter of the catalytic iridium Electrode.
After drying at ambient conditions, the wafer is UV exposed through a masi
and developed in a solution of 0.6 g/dL hydrogen peroxide to 3S yield a
self-aligned orosslin)ed gelatin/bienzyme layer of This is the replacement
sheet Date:    - 6 MAR 1997 



-133- 0.6 p3 thickness positioned directly over the catalytic iridium
electrode. The wafer is then washed and cleaved into individual sensors.
These devices are stored dry. 6.6. ALTVRNATIVE EHDODIXENT OF AN 5
EADNOSIN-S-. MIF0SPmATE SENSOR Yet another embodiment of the
adenosine-5-triphosphate (ATP) sensor utilizes the base sensor aS described
previously for the glucose sensor. However, the wafer is partially diced
before the biolayers are applied as described, supra. t0       A 0.3 q/gdL
solution of N-(2-aminoethyl)-3- aminopropyltrimethoxysilane in a solvent
mixture of ethanol and water (92:8 v/v) is spin-coated onto the wafer and
baked in an oven at 170 C for 15 minutes. A film forming latex (Elvace
40711-00, Reichhold) is then nixed (1:1 v/v) with an aqueous solution of
glycerol kinasd (Toyobo IS =g/mL; 28 IU/mag), glycerol-3-phosphate oxidase
(Toyobo 15 mg/uL; 84.4 XU/mg), and glutaraldehyde (2 mX). The resultant
mixture is microdispensed directly over the catalytic iridium electrodes on
the water. Sufficient material (10-100 nL) is deposited 20 by this
technique to allow for the coverage of an area about twice the diameter of
the catalytic iridium electrode. After drying, the partially diced wafer is
then washed and cleaved into individual sensors. These devices are stored
dry. 25                     6.7. CREAIN$EL SENSOR The preferred embodiment
of a creatinine sensor utilizes the bses sensor described previously for
the glucose sensor. The fabrication of the biolayers is different, however.
30        A 0.3 g/dL solution of N-(2-aminoethyl)-3-
aminopropyltrimethoxysilane in a solvent mixture of ethanol and water (92:8
v/v) is spin-coated on the wafer and baked in an oven at 170-C for 15
minutes. Photoformable fish gelatin ('orland NPR 29) is then mixed (1:4
v/v) with an aqueous 35 - fs Itie reolacement sheet 



-134- solution of creatinine amidobydrolase (Toyobo 15 mg/=L: 2.29 TU/mg)
and sarcosine oxidase (Toyabo 15 sqg/uL; 4.9 lU/mg). The mixture is
microdispensed directly over the catalytic iridium electrodes on the wafer.
Sufficient material (10-100 nL) is deposited by this technique to allow for
the coverage of an area about three timqs the diameter of the catalytic
iridium electrode. After drying, the wafer is UV exposed through a mask and
developed in a solution of 0.6 g/dL hydrogen peroxide to yield a
self-aligned cross-linked gelatin/bienzyme layer of 0.6 am thickness
positioned directly over the catalytic iridium electrode. The film-forming
latex (poly(vinyl acetate-co-vinyl alcohol), Reichbold) is mixed (1:1 v/v)
with an aqueous solution of creatine amidinohydrolase (Toyobo 15 mg/mL;
12.8 15 ZU/mg).  This mixture is automatically microdispensed directly over
the patterned gelatin layers already present on the wafer. Sufficient
material (10-100 nL) is deposited to ensure complete coverage of an area
about twice the diameter of the gelatin layers. After drying the previously
scribed wafer is then washed and cleaved into individual sensors.  These
devices are stored dry. 6.S. CREATINE SENSOR 25       'The preferred
embodiment of a creatine sensor is exactly the same as that for the
creatinine sensor except that the enzyme creatinine amidohydrolase is
omitted from the initial gelatin layer. 6.9. BLOOD UREA NITROGEN (&UN)
SENSOR A silicon wafer with a topical layer of silicon dioxide which had
previously been cleaned scrupulously with a mixture of concentrated
sulfuric acid and hydrogen peroxide is placed into a plasma deposition
system and layers of titanium (0.1 35  gm) and silver (0.5 pm) are
sputtered consecutively onto the This is the replacement sheet Date:     6
MAR 199 



wafer surface. The silver-titanium bilayer is then processed to localize it
to a region which in the final device acts as the ammonium ion sensor. This
process is achieved by a standard lithographic technique in which the wafer
is spin- coated with positive resist (Shipley AZ 1370 SF). After UV
exposure of the photoresist through a mask and development (Shipley AZ
351), the exposed silver is removed by an aqueous solution of ferric
nitrate (0.9 m!) as the etchant. The underlying titanium layer is then
processed by means of the O  same photolithographic steps, but using an
aqueous mixture of nitric acid (3.9 M) and hydrofluoric acid (0.78 M). is
used as the etchant. 1L-aethylpyrrolidone solvent is then used to remove
the remaining photoresist to expose the required octagonal silver
structures (width about 150 pm). 15       To passivate the signal lines a
photo-definable polyixide (DuPont 2703) is spin-coated onto the wafer. Once
the wafer is UV exposed and developed with a solvent mixture of
butyrolactone and xylene (6:4 v/v), the polymer is baked in an oven at
350-C for 30 minutes under an inert atmosphere and left to cool to 150IC
before removal. The silver is then chloridized by dipping the entire wafer
into an aqueous solution of potassium dichromate (12 gi) and hydrochloric
acid (60 35). Over these patterned silver chloride electrodes is placed an
ammonium ion Sensitive membrane. The membrane material is made by
dissolving low molecular veight PVC (Sigma) and high molecular weight
carboxylated PVC (Type Geon, Goodrich) (1:1 wv/) in a solvent system of
cyclohexanone, propiophenone, and . -methylpyrrolidone (1:1:1 v/v/v) to a
total solids content 30 of 10 q/dL of solution. Dissolution is accomplished
by heating the mixture at 70"C for 30 minutes. To this mixture the
plasticizer tri6(2-ethylhexyl)phosphate (Fluka) is added, to provide a
total solids content of 35 g/dL. The resulting mixture is then allowed to
cool to 45-C and nonactine (Fluka) is added in the amount equivalent to 2
percent of the total This is the replacement sheet 



Date:  - G ~AR E997    -136- solids in the mixture. At room temperature,
10-100 nL of this final material is aicrodispensed onto each of the silver
chloride indicator electrodes on the wafer, overlapping on all sides by at
least about 30 pro  Curing is accomplished by placing the wafer on a 600C
hotplate for 30 minutes.  This process yields a stable, rugged structure
having a thickness of about 15 pm. The wafer is then washed and partially
diced, as described previously above for the preferred embodiment of a
combined glucose and cholesterol sensor. Urease (30 mg; 90 IU/mg Sigma) is
dissolved in deionized water (60 mg).  To this solution is added 1.0 mg of
sorbitol and 150 mg of poly(vinyl acetate-co-ethylene} latex (type ELVACE
40711-00, Reichhold). After mixing, 30 mg of a 1% aqueous glutaraldehyde
solution is added, and the 15 resulting mixture is stirred. This mixture is
then microdispensed (1l-100 nL) over each of the ammonium ion sensitive
membranes ensuring that the latex mixture overlapped on all sides by at
least 30 Sm. The final membrane has a thickness of about 50 pm. The wafer
is then cleaved to yield individual sensors and stored dry. 20 6.10.
M)CRODISPEMSAMLZ MEMBRANE FORMAUITIONS The following formulations can be
loaded into a sicrosyringe assembly for the purpose of establishing ion-
sensitive layers in a controllable manner. The microsyringe assembly is
preferably equipped with 25 to 30 gauge needles (MD Inc.) having an
internal diameter of 150 pm and an external diameter of 300 pm. Typically,
the microsyringe needle, which includes an elongated member and a needle
tip, 30  is made of a metallic material, like stainless steel. As mentioned
elsewhere in this specification, additional layers may be coated onto the
needle to change its surface properties. Additionally, other materials such
as synthetic polymers may also be employed in manufacturing the main body 



35 of the needle, itself. The inventors have found that, Tnis Is~ he
reolacement sheet Date:   -*  i A~~~~~~~~~~~~~~~~.    depending on the
pretreatment of the electrode surface and the volume amount of fluid
applied, membrane layers of a thickness ranging from about I to about 200
PM can be obtained consistently. 6.10.1. POTASSIUM XOV MNEMHANE Weigh:
3.55 g NKP (l-Methylpyrrolidone) 2.67 g.Propiophenone 2.67 g Cyclohexanone
10             4.00 g 8is(2-ethylhexyl) sebacate combine these ingredients
in a pyrex beaker and mix thoroughly, preferably with the aid of a magnetic
stirrer. Add 1.33 g PVC. Beat solution to 100.C and leave 1 hour. Add 159
mg valinomycin and stir 15 minutes. Allow to cool to IS 40'C and transfer
to storage vessel. 6.10.2.       DEX _N  MEMBRANE Weigh:     0.95 g
Cyclohexanone 1.77 g Propiophenone 20             0.47 g
5-Phenyl-l-pentanone Combine these ingredients. in a pyreX beaker and mix
thoroughly, preferably with the aid of a magnetic stirrer. Add 0.47 q PVC
Sigma P-9401 and stir slowly. Beat solution to 100*C and leave for 30 min.
Add 0.20 g Triodecyluetbyl 26  aumoniux chloride and 0.20 g X mauire
SQ-9702C fatty amine. Stir for 15 sins with heating. Allow to cool to 40*C
and transfer to storag. vessel. 6.10.3. SO0Ztn YEMflAN 30  Weigh-     3.81
g NMP 2*86 g Propiophenone 2.86 g cyclohexanone 4.00 q Tris (2-ethylhexyl)
phosphate 35 This is the replacement sheet 



Date:  - 6 MAR M9    -138- Combine these ingredients in a pyrex beaker and
zix thoroughly, preferably with the aid of a magnetic stirrer. Add 1.71 g
of PVP (Geon 137). Heat Solution to 100'C. Add 100 mg Methyl Hionensin,
dissolved in 1.0 g cyclohexanone. 6 Allow to cool to 40-C and transfer to
storage vessel. 6.10.4. AmoIx   MEtBRANE Weigh:     1.3B g qIMP 1.04 q
Cyclohexanone 1.04 g Propiophenonet 0  1.65 q Tris (2-ethylheXyl) phosphate
Combine these ingredients in a pyrex beaker and mix thoroughly, preferably
uith the aid of a magnetic stirrer. Add 0.281 g PVC Geon 137 and 0.545 g of
PVC Sigma P-9401. 16 Heat solution to l00C and leave 1 hour. Add So ug of
nonactin and stir 15 mins. Allow to cool to 40'C and transfer to storage
vessel. 6.10.5. UREASE KFMB RARE a urease solution is prepared by
combining: 20    .        0.29 q of lot %abergum solution 0.30 g of 10% BSA
solution 0.11 g of urease. The ingredients are mixed in a glass vial and
swirled gently for 5 sains. The solution is allcwed to stand for 24 h.
After this period, the solution is centrifuged. The supernatant urease
solution is decanted and saved. The urease membrane formulation is then
obtained by combining: o.02a g of the urease solution prepared above.
0.2851 g Elvace 0.0384 gqdeionized water. The ingredients are nixed and
swirled gently in a glass vial for several minutes. Then, ambergiu
solution (0 -03 g) 36  is added, followed by 1% glutaraldehyde solution
(0.011 q)- This is the replacement sheet 



Date:   6 MAR m    The resulting mixture is swirled for 5 Zing.  The
formulation is allowed to stand for about 0.5 h before use. The urease
membrane is then established on top of an amionium ion sensitive membrane.
5 6.10.6. PR NMIXRANB  A formulation suitable for establishing a pH
sensitive membrane is prepared by combining equal volumes of cyclohexanone
and propiophenone. To 1.5 g of this solvent mixture is added, with stirring
and gently warming: sodium 10 tetraphenylborate (S mg), tridodezyl amine
(75 mg), dibutyl sebacate.(620 mg), and, lastly, 300 mg of high-molecular
weight NMW PVC. Also, g-nitrophenyloctylether (620 mg) may be used in place
of the dibutyl sebacate. The resulting composition is mixed thoroughly
before use. 6.10.*7  CALCIM ION E To 2.75 g of a 50/50
cyclohexanone/propiophenone solvent mixture is added
p-tetraoctylphenylphosphate diester, 20  calcium salt (110 mg).  The
mixture is stirred and warmed gently to help dissolve the calcium malt. The
mixture is then filtered through a 045 pS PTFh filter. To the warm filtrate
is then added, with stzihirg, 580 ag of MMW PVC (or, alternatively, 200 mg
COO carboxylated PVC and 380mg HMM 25  PVC). After a soution is obtained
- dioctylphenylphosphonate (1300 mg) is added. The mixture is stirred and
warmed gently, as needed, until a solution is obtained. 6.11.  PRETRUTMENT
OF WAVER SURFAME AND DEPOSITION OF S&CrED MEMBRANES The following
conditions are used to pretreat a wafer containing several hundred base
sensors with a patterned polyinide passivation layer. The wafer is first
etched with an argon plasma, followed by a CF4 plasza. As described 35 



This is the replacementssheet DOWiga     MA}1997    -140- previously, the
degree of hydrophobicity or hydrophilicity may be varied by. adjusting the
power and gas flow, or by changing the time of exposure. In this particular
exauple, the treated surface is quite hydrophobic. Equipment:
Tregal plasma etcher Temperature:        164C argon Plasma Flow:
14.4 seca tO       Process pressure:   100 mT Forward power:      200 W
Reflected power:   less than l W Time:               30 secs 5F plasma 16
Cl4 supply at 17 PSIG Flow:               66 Secs Process pressure:  80o UT
Forward power:      30 W Reflected power:   less than 10 W Time:
30 secs. 20 After treatment, the wafer is washed with delonized water and
is baked over a hot plate to ensure sufficient surface dehydration. T1he
wafer is then mounted on a film 25  frame with dicing tape backing and
diced as described previously to provide properly aligned individual
sensors. The microdispensinq system is then used to deposit membranes, With
I or more drops being deposited to form each membrane. The urea layer is
dispensed over the previously dispensed 1 + membrane. Preferably, the
microdispensing 30              4   eraePefrlyth    crdpein process is
carried out under a controlled low humidity environment. 35 



This is the replacement sheet Date:   6 MAR 199    Membrane
Preferred Thickness       Minimum Thickness kX                   40 O 20 gm
20 jam 30 + 10 PM               20 g NH4                  15 +  5 em
10 Ad Cl                   40  + 20 m                20 ism pH
40 + 20 mu                20 pa Ca+                  40 + 20 #
20 jpm Urease enzyme        45 + 15 pit               30 pu It should be
noted that other methods, known to those skilled in the art, exist for
changing the surface free energy of a planar struture (See, for example,
Wolf, S. and Tauber, R.N. in Processing Tec hnolMo, Vol. 1, Lattice Press
(1986) or Moss, S.3. and Ledwith, A. in The Chemistry of the Semiconductor
Industry, Blackie (1987)).  These methods include, but are not limited to,
wet etching, dry (plasma) etching, plasma polymerization and deposition,
particle beam bombardment, reactive ion etching, corona treatment,
microwave, ultraviolet, Langmuir-B odgett film coating, and covalent
chemical modifiction.  Also, any suitable 20 combination of these
techniques may be utilized to obtain the desired surface free energy.
Generally, the information gained from measuring the contact angle is used
to assess the quality of the surface treatment.  The membrane thickness
measurements provide an indication of the expected performance of the
finished sensor (i.e., wet-up behavior and Nernstian response). It is
apparent to those skilled in the art that variations and modifications in
the microfabrication 30  processes disclosed herein and in the biosensors,
themselves, can be readily conceived in view of the present invention.
Accordingly, while a number of preferred embodiments of the invention have
been described, the invention is not limited thereby but only by the
following claims. 35 



This is the replacement shset Date:     6 IMAR 1997    -142- MMT IS CLiED
IS: 1. A microfabricated biosensor comprising: (a) a base sensor; (b) a
permselective layer, superimposed over at least a portion of said. base
sensor, having a thickness sufficient to exclude substantially molecules
with a molecular weight of about 120 or more while allowing the free
permeation of molecules with a molecular weight of about 50 or less: an to
(c)  a biolayer superimposed over at least a portion of said permselective
layer, comprising (i) a sufficient amount of a bicactive molecule capable
of selectively interacting with a particular analyte species, and (ii) a
support matrix in which, said bioactive molecule is incorporated, which
matrix is derived from.the group consisting of a photoformable
proteinaceous mixture, a film- forming latex, and combinations thereof and
through which matrix said analyte species may freely permeate and interact
with said bioactive molecule. 20 2. The microtabricated biosensor of claim
1 in which said permaslective layer comprises a polymer film. 3. The
wicrotabricated biosmsor of claim I in which .said pruslective layer
comprises a heat-treated film of a sia, compound having the formula RI'
ta8i(OR)4 -t in which n is an integer selected from the group consisting of
0, 1, and 2: I' is a hydrocarbon radical comprising 3-12 carbon atoms; 130
and R is a hydrogen radical or a lower alkyl radical comprising 1-4 carbon
atoms. 4. The microfabricated biosensor of claim 1 which further comprises
an electrolyte layer interposed between 35 said base sensor and said
permselective layer. This is the replacement sbaet 



* C L M   S            *            Date:  fi MAQ 997    -143- S. The
microfabricated biosensor of claim 4 in which said permselective layer
substantially encloses said electrolyte layer. 6. The microfabricated
biosensor of claim 1 which further comprises an analyte attenuation layer,
Superimposed over a substantial portion of said biolayier, having a
thickness sufficient to attenuate the transport therethrough of analyte
species with a uolecular weight of about 120 or more. 10 7. The
nicrofabricated biosensor of claim 6 in which said analyte attenuation
layer comprises a polymer film. 8. The microfabricated biosensor of claim 6
which is further comprises a photoresist cap' superimposed over said
analyte attentuation layer. 9. The microfabricated biosensor of claim 2 in
which a sufficient amount of an ionophore is incorporated in said 20
polymer film. 10. The aicrofabricated biosensor of claim 1 in which said
base sensor comprises an electrochemical transducer. 25 11. The
aicrofabricated biosensor of claim 10 in which said electrochemical
transducer is axperometric. 12. The microfabricated biosensor of claim 10
in which said electrochemical transducer is potentiometric. 13.  The
Microfabricated biosensor of claim 10 in which said electrochemical
transducer comprises a noble late transition metal electrode. 35 I IBiM
111111 uIIII  a11              This is the replacement sheet Date:   6MAR
?997   



-144- 14.  The microfabricated biosensor of claim 1 in which said base
sensor comprises an amperometric electrochemical transducer comprising an
indicator electrode which includes an electrocatalyst selected from the
group consisting of carbon, platinum, gold, silver, rhodium, iridium,
ruthenium, S mercury, palladium, and osmium. 15.  the sicrofabricated
biosensor of claim 13 in which said electrochemical transducer further
comprises a reference electrode which includes an electrocatalyst metal
selected 10  from the group consisting of silver, gold, and platinum. 16.
The microfabricated bioveneor of claim 13 in which said electrochemical
transducer further comprises a 15 silver/silver halide reference electrode.
17. The microfabricated biosensor of claim 3 in which said silane compound
is selected from the group consisting of 3-aminopropyltriethoxysilane,
N-(2-azinoethyi)-3- 20  aninopropyltriethoxysilane,
3-aminopropyltrimethoxysilane,
N-(2-aminoethyl)-3-aainopropyltrimethoxysilane, 3-
isocyanatopropyltriethoxysilane, 10- aminodecyltrimethoxysilane,
ll-aminoundecyltrimethOxysilane, 25
amitnoethyl)aminomethyl)phenyllethyltrimethoxysilane, n-
propyltrimethoxysilane, phenyltriaethoxysilane,
diethylphouphatoethyltriethoxysi2Atl e,- V,-bis(2-
hydroxyethyl)aminopropyltriethoxysllane, .3- chloropropyltrietboxysilane,
and mixtures thereof. 30 18. The microfabricated biosensor of claim 3 in
which said silane compound is selected from the group consisting of
tetramethyl orthosilicate, tetraethyl orthosilicate, tetrapropyl
orthosilicate, tetrabutyl orthosilicate, and 3s mixtures thereof. llIIIIIII
NE III IIIII 11 IIIThis is the replacement sheet * C L 1 S
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-145- 19. The microfabricated biosensor of claim 2 or 7 in which said
polymer film comprises a polymeric substance selected from the group
consisting of polyurethane, poly(vinyl chloride),
poly(tetrafluoroethylene), cellulose acetate, cellulose nitrate, silicone
rubber, derivatives, and mixtures thereof. 20. The microfabricated
biosensor of claim 9 in which said ionophore is selected from the group
consisting of crown ethers, trialkylamines, phosphate esters, valinozycin,
10 nonactin, monensin, methylmonensin, and mixtures of 'zonensin and
methylsonensin. 21. The microfabricated biosensor of claim 9 in which said
ionophore is a quaternary ammonium halide. 15w 22. The microfabricated
biosensor of claim 2 or 7 in which said polymer film comprises a copolymer
of a siloxane compound and a nonsiloxane compound. 20        23. The
microfabricated biosensor of claim 22 in which said copolymer is selected
from the group consisting of disethylsilexane-alkene oxide,
tetramethyl4dsiloxane- divinylbenzene, tetramethyldisiloxane-ethylene,
diiuethylsiloraxe-silphenyflne, dimethylsiloxane-Silphenylene oxide,
dimethylsiloxane-methylstyrens, and dimethylsiloxane- bisphenol A
carbonate, and mixtures thereof. 24. *The microfabricated biosensor of
claim 22 in which said copolymer is dizethylsiloxane-bisphenol A carbonate.
30 35   !!11111   AIIII I 11111  I11l!Ii1 1!ll  This is tffe reQlacement
sheet Of Le  S M  'R 1q97    25. The microfabricated biosensor of claim I
in which said photoformabl~e proteinaceous mixture comprises: (i) a
proteinaceous substance: (ii) an effective amount of a photosensitizer
uniformly dispersed in said proteinaceous 



substance; and (iii) water. 5 26. The microfabricated biosensor of claim 25
in which said proteinaceous substance is selected from the group consisting
of albumin, casein, gamma-globulin, collagen, derivatives, and mixtures
thereof. tO 27. The vnicrofabricated biosensor of claim 25 in which said
proteinaceous substance is fish gelatin. 28. The sicrofabricated biosensor
of claim 25 in which said photosensitizer is selected from the group
consisting of ferric chloride, ferric ammonium citrate, ferric potassium
citrate, ferrric amonium oxalate, ferric sodium oxalate, ferric potassium
oxalate, ferric oxalate, potassium 20 dichromate, and ammonium dichromate.
29. The microfabricated biosensor of claim 25 in which said photoformable
proteinaceous mixture further comprises a porosity-altering substance
selected from the group 26  consisting of polyhydroxylated coMpounds,,
salts, and mixtures thereof. 30. The aicrofabricated biosensor of claim 1
in which said film-forming latex comprises an aqueous emulsion of a 30
polymer or copolymer derived from synthetic or natural sources. 35 This is
the replacement she4t I 111111111111101111111111Da111    -147- 31. The
microfabricated biosensor of claim 1 in which said film-forming.latex
further comprises a porosity-altering substance selected from the group
consisting of polyhydroxylated compounds, salts, and mixtures thereof. 5
32.  The microfabricated biosensor of claim 1 in which said film-forming
latex further comprises a crosslinking agent. 33. A microfabricated
biosensor comprising: 



10             (a)  a base sensor; (b) a permselective layer, superimposed
over at least a portion of said base sensor, having a thickness sufficient
to exclude substantially molecules with a molecular weight of about 120 or
more while allowing the free permeation of molecules with a molecular
weight of about 50 or less; and (c) a biolayer superimposed over at least a
portion of said permselective layer and said base sensor, comprising (i) a
sufficient amount of a bioactive molecule capable of selectively
interacting with a particular analyte species, and (ii) a support matrix
derived from a photofornable proteinaceous mixture, in which said bioactive
molecule is incorporated, and through which matrix said analyte species may
freely permeate and interact with said 2* bioactive molecule. 34. A
microfabricated biosensor comprising: (a) a base sensor; 30             (b)
a permselective layer, superimposed over at least a portion of said base
sensor, having a thickness sufficient to exclude substantially molecules
with a molecular weight of about 120 or more while allowing the free
permeation of molecules with a molecular weight of about 50 or less; and
This is the replacement sheet 1 !11111 ME 1111 111 fJ ll
Date:     6 MAR 1997    (c) a biolayer superimposed over at least a portion
of said perlselective layer and said base sensor, comprising (i) a
sufficient amount of a bioactive molecule capable of selectively
interacting with a particular analyte species, and (ii) a support matrix
derived from a film- forming latex, in which said bioactive molecule is
incorporated, and through which matrix said analyte species may freely
permeate and interact with said bicactive molecule. 35. The microftaricated
biosensor of claim 1, 4, 6, 



33, or 34 in which said bioactive molecule is an enzyme selected from the
group consisting of glucose oxidase, glucose dehydrogenase, NADII oxidase,
urecase, urease, 15  creatininase, sarcosine oxidase, creatinase, creatine
kinase, creatine amidohydrolase, cholesterol esterase, cholesterol oxidase,
glicerol kinase, hexokinase, glycerol-3-phosphate oxidase, lactate
dehydrogenase, alkaline phosphatase, alanine transaminase, aspartate
transaminase, amylase, lipatse, esterase, gama-glutamyl transpeptidase,
L-glutamate oxidase, 20 pyruvate oxidase, dihorase, bilirubin oxidase, and
their mixtures. 36. The microfabricated biosensor of claim 1, 4, 6, 33, or
34 in which said bioactive molecule is selected trom the group consisting
of tanophores, cofactors, polypeptides, proteins, glycoproteins, enzymes,
imunomglobulins, antibodies, antigens, lectins, neurochemical receptors,
oligonucleotides, polynucleotides, molecules of DRA, 30  molecules of RRA,
active fragments or subunits or single strands of the preceding molecules,
and mixtures thereof. 37. The microfabricated biosensor of claim 1, 4, 6,
33, or 34 in which said bioactive molecule is glucose 35 oxidase. This is
the replacement sheet I I!III~ INB  11111 u II II                  ID a te
em    -149- 38. The aicrofabricated biosensor of claim 1, 4, 6, 33, or 34
in which said bioactive uolecule is urease. 39.  A uticrofabricated
biosensor comprising: (a) a base sensor; (b) a peraselective layer,
superimposed over at least a portion of said base sensor, having a
thickness sufficient to exclude substantially molecules with a molecular
weight of about 120 or more while allowing the free permeation of molecules
with a molecular weight of about So or less; and 



(c) a topmost layer comprising a sufficient amount of an immobilized ligand
receptor. 40- The aicrofabricated biosensor of claim 39 in which said
permseleative layer comprises a polymer film with available reactive
functional groups on its outer surface. 41. The sicrofabricated biosensor
of claim 39 in which said peruselective layer comprises a heat-treated film
of a silane compound having the formula.R' USi (OR)4n  in which n i an
integer with a value of 1 or 2; R' is a hydrocarbon radical, comprising
3-12 carbon atoms, having a terminal reactive functional groups and it is a
hydrogen radical or a lower alkyl radical comprising 1-4 carbon atoms. 42.
A aicrofabricated biosensor comprising: (a)  a base sensor; (b) an adhesion
promoting layer, localized over 30  preselected areas of said base sensor,
which layer comprises a film of a silane compound having the formula
R'nSi(OR)4-n" in which n is an integer with a value of I or 2; RI is a
hydrocarbon radical, comprising 3-12 carbon atoms, having a 35 This is the
replacement sheet *  c  L  M  S *                            Date:
I MAP 197    -ISO- terminal reactive ft ztional group; and R is a hydrogen
radical or a lower alkyl radical comprising 1-4 carbon atoms; and (c) a
topmost layer comprising a sufficient amount of an immobilized ligand
receptor. 43. A microfabricated biosensor comprising: (a) a base sensor;
(b)  a peruselective layer comprising a polymer film, superimposed over at
least a portion of said base sensor and having a thickness sufficient to
exclude substantially molecules with a molecular weight of about 120 or
more while allowing the free permeation of molecules with a molecular
weight of about SO or less; 



15             (c)  a photoresist layer comprising a photoformable
proteinaceous mixture, superimposed over a substantial portion of said
permselective layer; and (d) a topmost layer comprising a sufficient amount
of an immobilized ligand receptor. 44. The microtabricated biosensor of
claim 43 which further comprises an electrolyte layer interposed between
said base sensor and said permselective layer. 25        45. The
microfabricated biosensor of claim 39, 42 or 43 which said ligand receptor
is selected from the group consisting of Lonophores, cofactors,
polypeptides, proteins, glycoproteins, enzymes, inunoglobulins, antibodies,
antigens, lectins, neurochemical receptors, oligonucleotides, 30
polynucleotides, molecules of DNA, molecules of RNA, active fragments or
subunits or single strands of the preceding molecules, and mixtures
thereof. 35 This is the replacement shset i 111111111111111111~~Dte:    b1I
11111    46. A wafer comprising: (a) a substantially planar substrate; and
(b) an array of unit cells having uniform dimensions established on said
substrate, each unit cell comprising a microfabricated biosensor of claim
1, 4, 6, 33, 34, 39, 42, or 43. 47. A biolayer sensitive to a particular
analyte species comprising: 10             (a)  a sufficient amount of a
bioactive molecule capable of selectively interacting with a particular
analyte species; and (b) a support matrix in which said bioactive molecule
is incorporated, which matrix is derived from the 15  group consisting of a
photofornable.proteinaceous mixture, a film-forming latex, and combinations
thereof and through which said analyte species may freely permeate and
interact with said bioactive molecule. 



20        48. A solid object having an outer surface, an inner surface, or
both, over at least a portion of which surface is established a biolayer
sensitive to a particular analyte species comprising: (i) a sufficient
amount of a bioactive molecule capable of selectively interacting with a
particular 25 analyte Species7 and (ii) a support matrix In which said
bicactive molecule is incorporated, which matrix is derived fro the group
consisting of a photoformable proteinaceous mixture, a film-forming latex,
and combinations thereof and through which said analyte species may freely
permeate and 30> interact with said bioactive molecule. 49. The solid
object of claim 48 which comprises part of a diagnostic system. 35 11111
Hill 1i i I4s trie replacement shset *  " LM *: - 6 HAR 17    -152- 50. The
solid object of claim 48 which comprises part of a bioreactor.. 51. A
permselective layer comprising a heat-treated 5  film of a silane compound
having a formula R'ISi(OR)4-n in which n is an integer selected from the
group consisting of O. 1, and 2; R' is a hydrocarbon radical comprising
3-12 carbon atoms; and R is a lower alkyl radical comprising 1-4 carbon
atoms, said layer having a thickness sufficient to 10 exclude substantially
molecules with a molecular weight of about 120 or more while allowing the
free permeation of molecules with a molecular weight of about 50 or less.
52. An analyte attenuation layer comprising a film of a
siloxane-nonsiloxane copolymer and which film has a thickness sufficient to
attenuate the transport therethrough of analyte species having a molecular
weight of about 120 or more. 20 53.  The analyte attenuation layer of claim
S2in which 



said copolymer is selected from the group consisting of
dimethylsiloxane-alkene oxide, tetramethyldisiloxane- divinylbenzene,
tetramethyldisiloxane-ethylene, dimethylsilaxane-silphenylene,
dimathylsiloxane-silphenylene oxide, dimethylsiloxane-methylstyrene,
dimethylsiloxane- bisphenol A carbonate, and mixtures thereof. 54. A method
of manufacturing a plurality of uniform 30 microfabricated sensing devices
which comprises: (a) establishing a plurality of base sensors on a suitable
substrate wafer; (b) establishing a permselective layer, superimposed over
at least a portion of each base sensor, 3S having a thickness sufficient to
exclude substantially l~ij 1ii1iiH 1i11 1i1i ii 11 1             This is
the replacement sheet *DC  L                                   D at e -ae 6
M1AR 1997    -153- molecules with a molecular weight of about 120 or more
while allowing the free, permeation of molecules with a molecular weight of
about 50 or less; and (c) establishing a support matrix, superimposed over
at least a portion of said permselective layer and each of said base
sensors, which matrix is derived from the group consisting of a
photoformable proteinaceous mixture, a film- forming latex, and
combinations thereof, and which is capable of incorporating a bioactive
molecule which, in turn, is capable of selectively interacting with a
particular analyte species, to form a plurality of uniform microfabricated
sensing devices. 55.  The method of claim 54 wvich further comprises
contacting said matrix with a sufficient amount of said bioactive molecule.
56. A method of manufacturing a plurality of uniform 20  microfabricated
sensing devices which comprises: (a) establishing a plurality of base
sensors on a 



suitable substrate wafer; .(b) establishing a permselective layer
superimposed over at least a portion of each base sensor; and 25
(c) establishing a biolayer, superimposed over at least a portion of said
perzselective layer and each of said base sensors, said biolater comprising
(i) a sufficient amount of a bioactive molecule, and (ii) a support matrix
in which said bioactive molecule is incorporated, which matrix is derived
from the group consisting of a photoformable proteinaceous mixture, a
film-forming latex, and combinations thereof to form a plurality of uniform
microfabricated sensing devices. 35 This is the replacement sheet *  C  L
M  S  *Date:  - 1 IiAR 1997    -154- 57. A method of manufacturing a
plurality of uniform microfabricated Sensing devices which comprises: (a)
establishing a plurality of base sensors on a suitable substrate wafer: (b)
establishing a permselective layer, superimposed over at least a portion of
each base sensor, having a thi6kness sufficient to exclude substantially
molecules with a molecular weight of about 120 or more while allowing the
free permeation of molecules with a molecular weight of about 50 or less:
and (c) establishing a biolayer, superimposed over at least a portion of
said permselective layer and each of said base sensors, said biolayer
comprising (i) a sufficient amount of a bloactive uoiecule, and (ii) a
support matrix, in 15 which said bioactive molecule is incorporated, which
matrix is derived from a photoformable proteinaceous mixture, to form a
plurality of uniform microfabricated sensing devices. 20        58. A
method of manufacturing a plurality of uniform microfabricated sensing
devices which comprises: 



(a) establishing a plurality of base sensors on a suitable substrate water;
(b) establishing a pearselective layer, 25 superimposed over at least a
portion of each base sensor, having a thickness sufficient to exclude
substantially molecules with a molecular weight of about 120 or more while
allowing the free permeation of molecules with a molecular weight of about
So or less; and (c) establishing a biolayer, superimposed over at least a
portion of said permseleotive layer and each of said base sensors, said
biolayer comprising (i) a sufficient amount of a bioactive molecule, and
(ii) a support matrix, in which said bioactive molecule is incorporated,
which matrix 35 is derived from a film-forming latex, lrlis is the
replacementi shet    to form a plurality of uniform microfabricated sensing
devices.- 59. A method of manufacturing a plurality of uniform
microfabricated sensing devices which comprises: (a) establishing a
plurality of base sensors on a suitable substrate wafer; (b) establishing a
permselective layer, superimposed over at least a portion of each base
sensor, having a thickness sufficient to exclude substantially molecules
with a molecular weight of about 120 or more while allowing the free
permeation of molecules with a molecular weight of about 50 or less; and
(c) establishing a topmost layer comprising a sufficient amount of an
immobilized ligand receptor. 60. The method of claim 59 in which said
permselective layer comprises a polymer film with available reactive
functional groups on its outer surface. 20        61.  A method of
manufacturing a plurality of uniform nicrofabricated sensing devices which
comprises: (a) establishing a plurality of base sensors on a suitable
substrate wafer; 



(b) establishing an adhesion promoting layer, .25 localized over
preselected areas of said base sensor, which layer comprises a film of a
silane compound having the formula R' ~Si(OR)4_nW in which n is an integer
with a value of 1 or 21 R' is a hydrocarbon radical, comprising 3-12 30
carbon atoms, having a terminal reactive functional group; and R is a
hydrogen radical or a lower allcyl radical comprising 14 carbon atoms; and
(c) establishing a topmost layer comprising a sufficient amount of an
immobilized ligand receptor. 35 I 111111111111111111 fIlij    IlI~lI
This is the replacement sheet * C  L    M S            *
Date:     S MAR 97    62. A method of manufacturing a plurality of uniform
microfabricated sensing devices which comprises: (a)  establishing a
plurality of base sensors on a suitable substrate wafer; (b) establishing a
permselective layer, superimposed over at least a portion of each base
sensor, having a thickness sufficient to exclude substantially molecules
with a molecular weight of about 120 or wore while allowing the free
permeation of molecules with a molecular weight of about 50 or less; to
(c)  establishing a photoresist layer comprising a photoformable
proteinaceous mixture, superimposed over a substantial portion of said
permselective layer; and (d) establishing a topmost layer comprising a
sufficient amount of an immobilized ligand receptor. 1s 63. The method of
claim 62 which further comprises establishing an electrolyte layer over at
least a portion of each base sensor, prior to establishing said
permselective 20  layer. 64. The method of claim 59, 61 or 62 in which said
ligand receptor is an inmunoreactive species. 25  comp:65. A method of
forming a permselective layer which 



26comprises: (a) establishing at least one film comprising a silane
compound mixed with a suitable solvent, said compound having the formula
R'Si(         in wich n is an integer 30  selected from the group
consisting of 0, 1, and 2; RI is a hydrocarbon radical comprising 3-12
carbon atoms; and R is a hydrogen radical or a lower alkyl radical
comprising 1-4 carbon atoms; and 35 This is the replacement sheet *  C  L N
S  *                    Date: - MAR 1997    -157- (b) heating said film to
a tetperature of at least about 100'C for a period of time effective to
form a permselective layer, having a thickness sufficient to provide said
permselective layer with the desired semipermeable properties. 5 66. The
method of claim 65 in which said permselective layer is formed on a
substantially planar sensing device. 67. A method for forming a
permselective layer on 10  preselected areas of a substantially planar
sensing device which comprises: (a) establishing a photoresist layer on a
substantially planar sensing device; (b)  processing said photoresist layer
to expose preselected areas of said sensing device; (c) establishing at
least, one film comprising a silane compound mixed with a suitable solvent
on the sensing device of step (b), said compound having the formula
Re'Si(OR)     in which n is an integer selected from the 20    n'O)-n group
consisting of 0, 1, and 2: R' is a hydrocarbon radical comprising 3-12
carbon atoms: and R is a hydrogen radical or a lower alkyl radical
comprising 1-4 carbon atoms; and (d) heating said film to a temperature of
at 



least about 1OG0C for a period of time effective to form a permselective
layer, having a thickness sufficient to provide said pernselective layer
with the desired semipermeable properties: and (e) removing said
photoresist layer and the 30 overlaid permselective layer from all except
the preselected areas of said sensing device. 68. A method of forming a
permselective layer an preselected areas of a substantially planar sensing
device 35 which comprises: l          s is thle replacement sheet * C  !
m   19*    (a) establishing at least one film comprising a silane compound
mixed with a suitable solvent on the sensing device of step (b), said
compound having the formula *R'nSi(OR)4.ne in Which n is an integer
selected from the S  group consisting of 0, 1, and 2; R' is a hydrocarbon
radical comprising 3-12 carbon atoms; and R is a hydrogen radical or a
lower alkyl radical comprising 1-4 carbon atoms; and (b) heating said film
to a temperature of at least about 100lC for a period of time effective to
form a 10 peruselective Layer, having a thickness sufficient to provide
said permselective layer with the desired semipermeable properties; and (c)
establishing a photoresist layer on said pel D elective layer; is
(d)  processing said photoresist layer such that a proportion of the
underlying permselective layer becomes exposed and subject to further
processing, while those preselected areas of the device retain a protective
cap of photoresist material: 20             (a)  removing said exposed
peraselective layer; and (f) removing said protective photoresist layer to
leave a permselective layer over preselected areas of.the device. 



25 69. The method of claim 66, 67 or 68 in which the thickness of said
permselective layer is such that said permselective layer is permeable to
molecules having a molecular weight of about so or less, yet substantially
30  impermeable to molecules having a molecular weight of about 120 or
more. 70. The method of claim 66, 67 or 68 in vhich said permselective
layer is further characterized as: (i) having a 35 thickness in the range
of about 50 to about 100 i: (ii) being 1 11111 11  11111 11111111 111
This is the replacement sheet *DC    L    S * Date:    permeable to
molecules selected from the group consisting of dioxygen and hydrogen
peroxide; and (iii) being Substantially iapermeable to molecules selected
from the group consisting of uric acid, ascorbic acid, salicylic acid,
2-(2- isobutylphenyl)propionic acid, cysteine, 4-acetamidophenol, and
physiological salts thereof. 71. The method of claim 66, 67 or 68 in which
said sensing device is an apperometric electrochemical sensor. 10
72.  The method of claim 66, 67 or 8g in which said film is established by
a means selected from the group consisting of spin-coating, dip-coating,
spray-coating, and microdispensing. 73. A method of preventing interfering
electroactive species from undergoing a redox reaction at the indicator
electrode of an amperometric electrochemical sensor while permitting the
free interaction of desired electroactive species with said sensor which
comprises: (i) establishing a 20 film comprising a silane compound mixed
with a suitable solvent over an area which encompasses the indicator
electrode of said electrochemical sensor, said compound having the formula
RJ' Si(OR)4-._ in which n is an integer selected from the group consisting
of 0, 1, and 2; R' is a hydrocarbon radical couaprising 3-12 carbon atoms:
and R is a 



hydrogen radical or a lower alkyl radical comprising 1-4 carbon atoms; and
(Li) heating said film to a temperature of at least about 100lC for a
period of time effective to form a 30  peraselective layer said
permselective layer further characterized as having a thickness such that
said permselective layer is permeable to molecules having a molecular
weight of about 50 or less, yet substantially impermeable to molecules
having a molecular weight of about 120 or more. This is the replacement
sheet Date: - 6 MAR 1997    -160- 74. The method of claim 73 in which said
permselective layer is further characterized as: (i) being permeable to
dioxygen or hydrogen peroxide: and (ii) being substantially impermeable to
uric acid, ascorbic acid, salicylic acid, cysteine, 4-acetamidophenol, or
physiological salts thereof. 75. A method of detecting the presence and
quantity of at least one analyte species in a liquid sample which
comprises: (a) contacting a microfabricated biosensor with a 10  liquid
sample, said biosensor comprising: (i) a base sensor, (ii) a permselective
layer, superimposed over at least a portion of said base sensor, having a
thickness sufficient to exclude substantially molecules with a molecular
weight of about 120 or more while allowing thp free permeation of molecules
with a molecular weight of about 50 or less, and (iii) a biolayer
superimposed over at least a portion of said permselective layer and said
base sensor, which biolayer comprises a sufficient amount of a bioactive
molecule capable of selectively interacting with a particular analyte
species, and a support matrix in which said bioactive molecule is
incorporated, which matrix is derived from the group . consisting of a
photofdorable proteinaceous mixture, a film- forming latex, and
combinations thereof and through which matrix said analyte species way
freely permeate and interact 



with said bioactive molecule, to obtain a measured signal output from which
the presence and quantity of an analyte species may be deduced. 76. The
method of claim 75 which further comprises contacting said biosensor with a
suitable calibrant solution to obtain a reference signal output to which
said measured signal output may be compared. 36 Tlnis is the replacement
sheet 1111111111 LI 1R 1S111                        Da _ .,    77. The
method of claim 75 or 76 in which said liquid sample is a biological fluid.
78.  The method of claim 75 or 76 in which said analyte species is selected
froathe group consisting of sodium ion, potassium ion, protons, chloride
ion, ionized calcium, dissolved carbon dioxide, total carbon dioxide,
dissolved oxygen, hydrogen peroxide, ethanol, glucose, cholesterol, uric
acid, ascorbic acid, bilirubin, creatinine, creatine, triglyceride, lactate
dehydrogenase, creatine kinase, 0  alkaline phosphatase, creatine
kinase-tm, alanine transaminase, aspartate transaminase, amylase, and
lipase. 79. A method of detecting a plurality of analyte s species in a
single liquid sample which comprises (a) contacting said liquid sample with
a calibrated wholly aicrofabricated biosensor comprising an array of
overlaid structures each sensitive to a particular analyte species which
structures are comprised of (i) a base sensor, (ii) a pernselective layer,
superimposed over at least a portion of said base sensor, having a
thickness sufficient to exclude substantially molecules with a molecular
weight of about 120 or more while allowing the free permeation of molecules
with a molecular weight of about 50 or less, and (iii) a biolayer
superimposed over at least a portion of said permseletive layer and said
base sensor, which biclayer comprises a sufficient amount of a bioactive
volecule capable of selectively interacting with a particular analyte
species, 



and a support matrix in which said bioactive molecule is 3   incorporated,
which matrix is derived from the group consisting of a photoformable
proteinaceous mixture, a film- forming latex, and combinations thereof and
through which matrix said analyte species may freely permeate and interact
with said bioactive molecule to obtain a plurality of signal 35
11111111111111111111111111d JflJ lillThis is the replaceient see *  C  L  M
S  * Ot38" - Pi MAR i99'    outputs from which the presence and quantity of
each analyte species may be deduced: and (b) processing said signal
ooutputs. 5        80. A method  for assaying a sample for a particular
ligand (analyte) species which comprises: (a) providing reagents capable of
interacting with a sample suspected of containing a particular ligand
species to produce a change in the concentration of a detectable species,
which change is proportional to the amount of said particular ligand
species in said sample: (b) contacting said sample and said reagents with a
microfabricated biosensor comprising (i) a base sensor sensitive to the
concentration of said detectable species; (ii) a permselective layer,
superimposed over at least a portion of said base sensor, having a
composition and thickness sufficient to exclude substantially molecules
with a molecular weight of about 120 or more while allowing the free
permeation of molecules with a molecular weight of about 50 or less; and
(iii) a receptor layer, superimposed over said base sensor and at least a
portion of said permselective layer, couuprising a sufficient amount of an
imobilized ligand receptor capable of binding said particular ligand
species or any complex thereof; 25             (c) measuring the change in
the concentration of said detectable species: and (d) ralating said change
to the amount of said 



particular ligand species in said sample. 81. A method for assaying a
sample for a particular ligand (analyte) species, which method comprises:
35 !IiN! llLI 111 lllll liiil ll I!Il           This is the replacement
sheet *    C    L    M    S    * Date:    ;^.;lh    -163- (a) providing a
reagent capable of interacting with a sample suspected of containing a
particular ligand species, which reagent comprises a labeled ligand or a
labeled ligand receptor capable of forming a complex with 5  said
particular ligand species, said label being capable of acting on an added
substrate to produce a change in the concentration of a detectable species
and which change is proportional to the amount of said particular ligand
species in said sample; (b)  contacting said sample and said reagent with a
microfabricated biosensor comprising (i) a base sensor sensitive to the
concentration of said detectable species, (ii) a permselective layer,
superimposed over at least a portion of said base sensor, having a
composition and is  thickness sufficient to exclude substantially molecules
with a molecular weight of about 120 or more while allowing the free
permeation of molecules with a molecular weight of about SO or less, and
(iii) a receptor layer, superimposed over said base sensor and at least a
portion of said permselective 20  layer, comprising a sufficient amount of
an immobilized ligand receptor capable of binding said labeled/ particular
ligand species or any complex thereof, for a period of time sufficient to
allow said immobilized ligand receptor to bind with said labeled liqand,
2fi particular liqand species, or any complex thereof: (c) removing any
material which remains unbound to said immobilized ligand receptor followed
by the addition of said substrate; 



(d) measuring the change in the concentration of 30 said detectable
species; and (e) relating said change to the amount of said particular
ligand species in said sample. 82. A method for assaying a sample for a
particular 35  ligand (analyte) species which comprises: This is the
replacement she *  C L XI s *                              ate:  e G M  y
-164- (a) providing a reagent capable of interacting with a sample
suspected of containing a particular ligand species, which reagent
comprises a labeled ligand receptor capable of forming a complex with said
particular ligand species, said label being capable of acting on an added
substrate to produce a change in the concentration of a detectable species
and which change is proportional to the amount of said particular ligand
species in said sample; (b) contacting a sample and said reagent with. 10
with a nicrofabricated biosensor comprising: (i)   a base sensor sensitive
to the concentration of said detectable species, (Ui) a permselective
layer, superimposed over at least a portion of said base sensor, having a
composition and i  thickness sufficient to exclude subqtantially molecules
with a molecular weight of about 120 or more while allowing the free
permeation of molecules with a molecular weight of about 50 or less, and
(iii) a receptor layer, superimposed over said base sensor and at least a
portion of said permselective 20  layer, comprising a sufficient amount of
an immobilized ligand receptor capable of binding said particular ligand
species of any complex thereof, for a period of time sufficient to allow
said immobilized ligand receptor to bind with said particular 26  ligand
species or any complex thereof, (a) removing any material which remains
unbound to said immobilized liqand receptor followed by the addition 



of said substrate; (d) 'measuring the change in the concentration of said
detectable species; and (e) relating said change to the amount of said
particular ligand species in said sample. 83. A method for assaying a
sample for a particular 35 ligand (analyte) species which comprises: *!IIIJ
III 111,11 IiitJ Wl li !I          This is the replacement sOet DCatc    BS
MAR 10    -165- (a)  providing a reagent capable of interacting with a
sample suspected of containing a particular ligand species, which reagent
comprises a labeled ligand capable of competing with said particular ligand
species for available immobilized liqand receptors, 5             said
label being capable of acting on an added substrate to produce a change in
the concentration of a detectable species, which change is proportional to
the amount of said particular ligand species in said sample; (b) contacting
said sample and said reagent with 0  a microfabricated biosensor comprising
(i) a base sensor sensitive to the concentration of said detectable
species, (ii) a peruselective layer, superimposed over at least a portion
of said bass sensor, having a composition and 15 thickness sufficient to
exclude substantially molecules with a molecular weight of about 120 or
more while allowing the free permeation of molecules with a molecular
weight of about 50 or less, and (iii) a receptor layer, superimposed over
said base sensor and at least a portion of said permselective layer,
comprising a sufficient amount of said immobilized ligand receptor capable
of binding said labeled ligand or particular ligand species, for a period
of time sufficient to allow said immobilized ligand receptor to bind with
said labeled ligand 26 or particular ligand species;. (c) removing any
material which remains unbound 



to said immobilized ligand receptor followed by the addition of said
substrate; (d) measuring the change in the concentration of 30 said
detectable species; and (e) relating said change to the amount of said
particular ligand species in said sample. 35 This is the replacement sheet
Date: - 6 MAR )99? I IIIIX    llME  III l IIIII 11I    84. The method of
claia 80, 81, 82 or 83 in which seid microfabricated biosensor further
comprises a photoresist layer, comprising a photoformable proteinaceous
mixture, interposed between said permselective layer and said receptor
layer. 85. The method of claim so, 8I, 82 or 83 in which said
microfabricated biosensor further comprises an electrolyte layer interposed
between said base sensor and said permselective layer. 86. The method of
claim 80, 8S, 82 or 83 in which said immobilized ligand receptor is
selected from the group consisting of ionophores, cofactors, polypeptides,
prc-ains, 15  glycoproteins, enzymes, imnmmoglobuins, antibodies, antigens,
lectins, neurochemical receptors, oligonucleotides, polynucleotides,
molecules of ON, molecules of RNA, active fragments or subunits or single
strands of the preceding molecules. 87. The method of claim 80, 81, 82 or
83 in which said permselective layer is photodefined. 88. The method of
claim 80, 81, 82 or 83 in which said 26 particular ligand species is
selected fromthe group consisting of ionophores, cofactors, polypeptides,
proteins, glycoproteins, enzymes, immunoglobulins, antibodies, antigens,
lectins, neurochemical receptors, oligonuoleotides. molecules of DNA,
molecules of RNA, viruses, organisms, 3   fungi, fragments or subunits or
single strands of the 



preceding entities. 89. The method of claim 82 which further comprises
removing any material which remains unbound to said immobilized ligand
receptor between steps (b) and (c). This is the replacement sheet h  IMAR
M7 * C    L    M    S *    90. The method of claim 81, 82 or 83 in which
the operation of step (c) is accomplished by adding a substrate with the
concomitant removal of any materials which remain unbound to said
immobilized ligand receptor. S 91. A method for assaying a sample for a
particular antigenic species which comprises: (a) providing a reagent
capable of interacting with a sample suspected of containing a particular
antigenic species, which reagent comprises a labeled antibody capable of
forming a complex with said particular antigenic species, said label being
capable of acting on an added substrate to produce a change in the
concentration of a detectable species and which change is proportional to
the is amount of said particular antigenic species in said sample; (b)
contacting a sample and said reagent with a microfabricated biosensor
comprising (i) a base sensor sensitive to the concentration of said
detectable species, (ii) a permselective layer, superimposed over at least
a 20  portion.of said base sensor, having a composition and thickness
sufficient to exclude substantially molecules with a molecular weight of
about 120 or more while allowing the free permeation of molecules with a
molecular weight of about So or less, and (iii) a receptor layer,
superimposed over said base sensor and at least a portion of said
peruselective layer, comprising a sufficient amount of an iMmobilized
ligand receptor comprising an antibody capable of binding said particular
antigenic species or any complex thereof, (c) removing any material which
remains unbound 



30 to said immobilized ligand receptor followed by the addition of said
substrate; (d) measuring the change in the concentration of said detectable
species; and (e) relating said change to the amount of said 35  particular
antigenic species in said sample. This is the replacement sheet I 1111111
11  III llhIj 1111 11               Date:    92. A method for assaying a
sample for a particular antigenic species, which method comprises: (a)
providing a Reagent capable of interacting with a sample suspected of
containing a particular antigenic species, which reagent comprises a
labeled antigenic species, said label being capable of acting on an added
substrate to produce a change in the concentration of a detectable species
and which change is proportional to the amount of said particular antigenic
species in said sampel; 10             (b)  contacting said sample and said
reagent with a microfabricated biosensor comprising (i) a base sensor
sensitive to the concentration of said detectable species; (ii)a
permselective layer, superimposed over at least a portion of said base
sensor, having a composition and 5  thickness sufficient to exclude
substantially molecules with a molecular weight of about 120 or more while
allowing the free permeation of molecules with a molecular weight of about
SO or less, and (iii) a receptor layer, superimposed over said base sensor
and at least a portion of said peraselective layer, comprising a sufficient
amount of an immobilized ligand receptor comprising ab antibody capable of
binding said labeled antigenic species, particular antigenic species or any
complex thereof, for a period of time sufficient to allow said immoblized
ligand receptor to bind with said labeled antigenic species, particular
antIgenic species or any complex thereof: (c) removing any material which
remains unbound 



to said immobilized ligand receptor to bind with said labeled antigenic
species, particular antiqenic species or any 30 complex thereof: (d)
measuring the change in the concentration of said detectable species; and
(e) relating said change to the amount of said 35 particular antiqenic
species in said sample. This is the replacement sh~eet l~J HI!!l iiilll
lllfl Hill II fill  Afts6 MAR He? C    L    M    S *    -169- 93.  A method
for assaying a sample for a particular antibody which comprises: (a)
providing a reagent capable of interacting with a sample suspected of
containing a particular antibody, which reagent comprises a labeled
antigenic species or a labeled anti-antibody capable of forming a complex
with said particular antibody, said label being capable of acting on an
added substrate to produce a change in the concentration of a detectable
species and which change is proportional to the amount of said particular
antibody in said sample; (a) contacting a sample and said reagent with a
xicrofabricated biosensor comprising (i) a base sensor sensitive to the
concentration of said detectable species; (ii)  a permselective layer,
superimposed over at least a portion of said base sensor,.having a
composition and thickness sufficient to exclude substantially molecules
with a molecular weight of about 120 or more while allowing the free
permeation of molecules with a molecular weight of about 20  50 or less,
and (iii)  a receptor layer, superimposed over said base sensor and at
least a portion of said peruselective layer, comprising a sufficient amount
of an immobilized ligand receptor.comprising an antigenic species or anti-
antibody capable of binding said particular antibody or any 



2S Complex thereof, for a period of time sufficient to allow said
imobilized liqand receptor to bind with said particular antibody or any
complex thereof; (c) removing any material which remains unbound 30  to
said immobilized ligand receptor followed by the addition of said
substrate; (d) measuring the change in the concentration of said detectable
species; and (e) relating said change to the amount of said 35 particular
antibody in said sample. This is the replacement sheet 1
111111111111111111to                       MAR1 11WX    -170- 94. A method
for assaying a sample for a particular antibody, which method which
comprises:. (a) providing a reagent capable of interacting with a sample
suspected of containing a particular antibody, which reagent comprises a
labeled antibody, said label being capable of acting on an added substrate
to produce a change in the concentration of a detectable species and which
change is proportional to the amount of said particular antibody in said
sample; (b) contacting said sample and said reagent with 10  a
microfabricated biosensor compriSing (i)  a base sensor sensitive to the
concentration of said detectable species, (ii) a permselective layer,
superimposed over at least a portion of said base sensor, having a
composition and is  thickness sufficient to exclude substantially molecules
with a molecular weight of about 120 or more while allowing the free
permeation of molecules with a molecular weight of about So or less, and
(iii) a receptor layer, superimposed over said base sensor and at least a
portion of said permselective 20  layer, comprising a sufficient amount of
an immobilized ligand receptor comprising an antigenic species or anti-
antibody capable of binding said particular antibody or 



labeled antibody, for a period of time sufficient to allow said immobilized
ligand receptor to bind with said particular antibody or labeled antibody;
(c) removing any material which remains unbound to said immobilized ligqad
receptor followed by the addition of said substrate; (d) measuring the
change in the concentration of said detectable species; and (e)  relating
said change to the amount of said particular antibody in said sample. 35
This is the replacement sheet I      L M S 11111
Dae:  -     -172- free permeation of molecules with a molecular weight of
about 50 or less, and (iii) a receptor layer, superimposed over said base
sensor and at least a portion of said permselective layer, comprising a suf
f icient amount of an immobilized ligand receptor comprising an antigenic
species or anti- antibody capable of binding said oligonucleotide sequence
or complex hybrid thereof, for a period of time sufficient to allow said
immobilized liqand receptor to bind with said oligonucleotide sequence or
complex hybrid thereofi (c)  removing any material which remains unbound to
said immobilized ligand receptor followed by the addition of said
substrate; (d) measuring the change in the concentration of said detectable
species; and (e) relating said change to the amount of said oligonucleotide
sequence in said sample. 100. The method of claim 99 in which said
immobilized ligand receptor is a preselected probe having a base sequence
which is complementary to at least a portion of said oligonucleotide
sequence and which binds said oliqonucleotide 



sequence or hybrid complex thereof at a site other than that engaged by
said labeled probe. 25 201. The method of claim 99 in which said
immobilized ligand receptor is an antibody which recognizes said hybrid
Complex. 102. The method of claim 80, Si, 82, 83, 91, 92, 93, 94 or 99 in
which said base sensor is an electrochemical sensor. 103. A method for
assaying a sample for a particular analyte species which comprises: 'This
is the replacement sheet 111111111111111Date - 6 MAR 1191    -173- (a)
providing a reagent capable of interacting with a sample suspected of
containing a particular analyte species, which reagent comprises a labeled
analyte species or a labeled ligand receptor capable of forming a complex
with said analyte species, said label being capable of acting on an added
substrate to produce a change in the concentration of an electroactive
species and which change is proportional to the amount of said particular
analyte species in said sample; O0            (b)  contacting said sample
and said reagent with a microfabricated device comprising (i) a base sensor
comprising an electrochemical sensor sensitive to the concentration of said
electroactive species, and (ii) an imuobilized analyte receptor capable of
binding said labeled 15  analyte species, particular analyte species or
complex thereof; (c) removing any material which remains unbound to said
immobilized analyte receptor followed by the addition of said substrate;
(d) measuring the change in the concentration of said electroactive
species; and (e) relating said change to the amount of said 



particular analyte species in said sample. 104. The method of claim 80, $1,
82, 83, 91, 92, 93, 94, 99 or 103 in'vhich said base sensor is an
electrochemical sensor comprising an amperometric electrode and a reference
electrode. 30       3.05.  A method for assaying a sample for a particular
enzyme which comprises: (a) providing a reagent capable of interacting with
a particular enzyme suspected of being present in a given sample, which
reagent comprises a substrate which 35 undergoes a chemical transformation
mediated by said ----- .     .  tr e replacement sh'eet 1111111 !1f If 1
11111 liii A4 111!6 MAR 1997 * C  L  M  S *    -174- particular enzyme and
which transformation gives rise to a change in the concentration of an
electroactive species selected from the group consisting of dioxygen and
hydrogen peroxide: (b) contacting said sample and said reagent with a
device comprising an electrochemical sensor sensitive to the concentration
of said electroactive species: (c)  measuring the change in the
concentration of said electroactive species; and (d)  relating said change
to the amount of said 10 particular enzyme in said sample. 106. The method
of claim 105 in which said particular enzyme is a hydrolase and said
reagent comprises an indoxyl moiety having a hydrolyzable functional group.
107.. A method of establishing a dispensed layer onto a substantially
planar surface comprising: (a) preparing a fluid composition suitable for
20  loading into a movable microsyringe assembly, said fluid composition
having optimized surface tension and viscosity characteristics; (b)
loading said fluid composition into said 



movable xicrosyringe assembly, which assembly comprises (i) a 2S reservoir
for holding said fluid composition, (ii) a microsyringe needle, including
an elongated member and a needle tip, (iii) means for delivering said fluid
composition from said reservoir to said sicrosyringe needle, if said
reservoir is displaced apart from said microsyringe needle, 30  (V}) means
for forcing controlled amounts of said fluid composition through said
elongated member to form an emerging droplet of a predetermined volume on
said needle tip, and (v) means for controlling the aultidirectional
movement of said assembly such that said droplet may be brought into
contact 35 with a preselected area of a substantially planar surface; This
is the replacement sheet Date:     6 '4 o    (c) optionally pretreating
said surface under conditions sufficient to bring its surface tree energy
within a desired range; (d) contacting said droplet on said needle tip with
a preselected area of said surface: and 6             (e)  retracting said
assembly away from said surface such that said droplet disengages from said
needle tip in a manner which provides a dispensed layer of said fluid
composition having predictable and reproducible dimensions on said
surface., 10 108. The method of claim 107 in which said substantially
planar surface comprises a wafer having an array of unit cells of uniform
dimensions. 109. The method of claim 108 in which said unit cells include a
base sensor selected from the group consisting of amperometric and
potentiometric sensors. 110. The method of claim 108 in which said unit
cells 20 include a base sensor selected from the group consisting of
acoustic wave sensing devices, thermistors, gas-sensing electrodes,
field-effect transistors, optical waver guides, evanescent field sensors,
and conductimetric sensors. 



25 111. The method of claim 107 in which said fluid composition includes a
film-forming latex. 112. The method of claim 107 in which said fluid 30
composition includes a photoforzable proteinaceous mixture. 113. The method
of claim IIl or 112 in which said fluid composition further includes one or
more bLoactive molecules. 35 l ilili 11111)1 11111 1111 HJ n liltThis is
the replacement sheet C  L M  5                                  D ate  - 6
MAR 1    -176- 114. The method of claim 107 in which said fluid composition
includes a polymer matrix, a plasticizer, and an ionophore. 5 10 15 20 26
30 35    




