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DESCRIPTION

IN VIvO BIOSENSOR APPARATUS AND METHOD OF USE

1.0 BACKGROUND OF THE INVENTION

The present application is a continuing application that claims priority to United
States Provisional Application Serial Number 60/110,684, filed December 2, 1998, the
entire contents of which is specifically incorporated herein by reference in its entirety.

The United States government has certain rights in the present invention pursuant

to grant number R21RR14169-01 from the National Institutes of Health.

1.1 FIELD OF THE INVENTION

The invention generally relates to the field of implantable diagnostic devices (i.e.
devices deployed within the body of an animal) for monitoring one or more target
substances, analytes, or metabolites in the animal. More particularly, the invention
provides implantable biosensor devices for monitoring and regulating the level of analytes
in the tissues and circulatory system of a human. In illustrative embodiments, the
apparatus comprises a biosensor that is utilized to monitor the level of blood glucose in a
diabetic or hypoglycemic patient. The disclosed sensors may also be used to control or
regulate the delivery of a drug or other pharmaceutical agent from an external or an
implantable drug delivery system. For example, the device may form part of an artificial

pancreas to regulate insulin dosage in response to the level of glucose detected in situ.

1.2 DESCRIPTION OF RELATED ART
1.2.1 BIOSENSORS

Biosensors are hybrid devices combining a biological component with an
analytical measuring element. The biological component reacts and/or interacts with the
analyte(s) of interest to produce a response measurable by an electronic, optical, or
mechanical transducer. The most common configurations presently available utilize
immobilized macromolecules such as enzymes or antibodies to form the biological

component. Examples of analytes and immobilized macromolecules include: glucose and

-
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immobilized glucose oxidase (e.g., Wilkins er al., 1995): nitrate and immobilized nitrate
reductase (Wu et al., 1997); hydrogen peroxide and 2.3-dichlorophenoxyacetic acid and
immobilized horseradish peroxidase (Rubtsova et al.. 1998); and aspartate and

immobilized L-aspartase (Campanella et al., 1995).

1.2.2 WHOLE-CELL BIOSENSORS

A further refinement for biosensors has been developed in recent years that utilizes
intact living cells, such as a microorganism, or an eukaryotic cell or cell culture as an
alternative to immobilized enzymes. Microbial cells are especially well suited for
biosensor technologies; they are physically robust, capable of existing under extremely
harsh and widely fluctuating environmental conditions. they possess an extensive
repertoire of responses to their environment, and they can be genetically engineered to
generate reporter systems that are highly sensitive to these environmental responses.
Polynucleotide sequences that comprise specific promoter sequences are operably linked
to a gene or a plurality of genes that encode the desired reporter enzyme(s) and then
introduced into and maintained within the living cell. When the target analyte is present,
the reporter genes are expressed, generating the enzyme(s) responsible for the production
of the measured signal. Commonly used reporter systems have utilized either the (-
galactosidase (lacZ) or catechol-2,3-dioxygenase (xy/E) enzymes (Kricka, 1993).

Unfortunately, a limitation of these systems has been that following exposure to
the target substance(s), the cells must be destructively lysed and the enzyme(s) isolated.
This lysis is then followed by the addition of one or more secondary metabolites to yield a
colorimetric signal that is proportional to the concentration of enzyme(s) in solution,
providing a means to quantify the concentration of the original target substance.

A more recent improvement in such sensors utilizes green fluorescent protein as a
reporter system, with the significant advantage that cells do not require destructive assay
techniques to produce colorimetric signals. Because a substrate must be added to the
green fluorescent protein constructs to first initiate the light response, however, these

systems are quite complicated and offer little advantage for detection of analytes in situ

(Prasher, 1995).
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1.2.3 IN VIvo SENSORS

The development of an integrated in vivo implantable glucose monitor was first
reported by Wilkins and Atanasov (1995). This system utilizes glucose oxidase
immobilized within a micro-bioreactor. This enzyme catalyzes the oxidation of B-D-
glucose by molecular oxygen to yield gluconolactone and hydrogen peroxide, with the
concentration of glucose being proportional to the consumption of O, or the production of
H,0,. Unfortunately, the presence of a glucose oxidase inhibitor molecule in the human
bloodstream tended to offset proportionality constants, and made the device
unsatisfactorily inaccurate for precise glucose monitoring and control (Gough et al.,
1997). Also limiting was the device’s relatively large size (=5 x 7 cm), which negated its
usefulness as an implantable device.

Although several smaller needle-type and microdialysis glucose sensors have since
been developed to circumvent size limitations (Gough er al., 1997, Selam, 1997), their
reliance on a glucose oxidase enzyme-based system limits their overall effectiveness and
reliability.

Several nonspecific electrochemical sensors have also been investigated as
potential in vivo glucose sensors (e.g., Yao et al., 1994; Larger et al., 1994), but problems
including limited sensitivity. instability, and limited long-term reliability have prevented
their wide-spread utilization (Patzer et al., 1995). According to Atanasov et al. (1997),
continuously functioning implantable glucose biosensors with long-term stability have yet

to be achieved.

1.3 DEFICIENCIES IN THE PRIOR ART

Despite a significant miniaturization of biosensors during the past decade, they are
still relatively large and obtrusive to serve as ideal implantable devices. Current
methodologies using mammalian bioluminescent reporter cells require cell lysis and
addition of an exogenous substrate to generate a measurable response. Consequently,
these cells cannot serve as continuous on-line monitoring devices.

Therefore, there remains a need for the development of a small implantable
monolithic (i.e. containing both biological and electrical components constructed on a

single substrate layer) bioelectronic monitor that is durable, inexpensive, wireless, and
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that can communicate remotely to a drug delivery system to provide the controlled

delivery of a therapeutic agent such as insulin.

2.0 SUMMARY OF THE INVENTION

The present invention overcomes these and other inherent limitations in the prior
art by providing implantable apparatus and methods for detecting and quantitating
particular analytes in the body of an animal. In particular, the invention provides devices
for the in vivo detection and quantitation of metabolites, drugs, hormones, toxins, or
microorganisms such as viruses in a human or animal. In illustrative embodiments, the
invention provides a BBIC device useful for the detection of glucose in a human. Such
devices provide for the first time an accurate on-line detector for glucose monitoring, and
offer the ability to control the administration of pharmaceutical agents via an external or
implantable drug delivery system. Also disclosed are BBIC devices for detecting the
concentration of signature molecules (i.e. proteins released from cancer cells, erc.),
clotting factors, enzymes and the like, and other analytes present in the bloodstream or
interstitial fluid. In the area of oncology, the biosensor devices find utility in both initial
and remission monitoring, on-line measurement of the effectiveness of chemotherapy, and
stimulation/activity of the immune system. Likewise, the biosensor devices are useful in
other areas of medicine, including on-line monitoring for enzymes associated with the
occurrence of blood clots (strokes, heart attacks, erc.), detection and quantitation of
clotting factors (maintain level), hormone replacement, continuous drug monitoring
(testing for controlled substances in prisoners, military personnel, efc.), monitoring of
soldiers exposure to sub-lethal exposure to nerve agents and other debilitating agents,
monitor levels of compounds affecting mental illness, and the like.

In one embodiment there is provided an implantable monolithic bioelectronic
device for detecting an analyte within the body of an animal. In a general sense this
device comprises a bioreporter that is operably positioned above a substrate that is on an
integrated circuit. The bioreporter is capable of metabolizing the target analyte and emits
light consequent to this metabolism when in contact with the analyte. The device further
comprises a sensor closely positioned to the integrated circuit that detects the emitted light
and generates an electrical signal in proportion to the amount of light generated by the

bioreporter. Preferably the entire implantable device is contained within a biocompatibie
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container that is implanted within the body of the animal in which the analyte detection is
desired.

The biocompatible container may be comprised of silicon nitride, silicon oxide, or
a suitable polymeric matrix, with exemplary matrices such as polyvinyl alcohol, poly-L-
lysine, and alginate being particularly preferred. The polymeric matrix may also further
comprise a microporous, mesh-reinforced or a filter-supported hydrogel.

In certain embodiments, it may also be desirable to provide a transparent,
biocompatible, bioresistant separator that is operably positioned between the
phototransducer and the bioreporter.

The bioreporter preferably comprises a plurality of eukaryotic or prokaryotic cells
that produce a bioluminescent reporter polypeptide in response to the presence of the
target analyte. Prokaryotic cells such as one or more strains of bacteria, and eukaryotic
cells such as mammalian cells are particularly preferred. Exemplary mammalian cells are
human cells such as islet B-cells, immortal stem cells, or hepatic cells, with immortal stem
cells being particularly preferred.

These cells preferably comprise one or more nucleic acid segments that encode a
luciferase polypeptide or a green fluorescent protein that is produced by the cells in
response to the presence of the analyte. Preferably the nucleic acid segment encodes an
Aqueorea Victoria, Renilla reniformis, or a humanized green fluorescent protein, or more
preferably, a bacterial Lux polypeptide, such as the LuxA, LuxB, LuxC, LuxD, or LuxE
polypeptide, or the LuxAB or LuxCDE fused polypeptides described herein.

Exemplary bacterial /ux gene sequences that may be employed to prepare the
genetic constructs include the Vibrio fischerii or more preferably, the Xenorhabdus
luminescens luxA, luxB, luxC, luxD, luxE, luxAB, or luxCDE genes.

Exemplary lux gene sequences that may be employed for preparation of the
genetic constructs as described herein include the gene sequences disclosed in SEQ ID
NO:1. Exemplary Lux polypeptide sequences are disclosed in SEQ ID NO:2, SEQ ID
NO:3, SEQ ID NO:4, SEQ ID NO:5 and SEQ ID NO:6.

The Lux polypeptides preferably comprise at least a 10 contiguous amino actd
sequence from one or more of the polypeptide sequences disclosed in SEQ ID NO:2
through SEQ ID NO:6. More preferably the Lux polypeptides comprise at least a 15

contiguous amino acid sequence from one or more of the polypeptide sequences disclosed
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in SEQ ID NO:2 through SEQ ID NO:6, and m&fe preferably still, comprise at least a 20
contiguous amino acid sequence from one or more of the polypeptide sequences disclosed
in SEQ ID NO:2 through SEQ ID NO:6.

Such polypeptides are preferably encoded by a nucleic acid sequence that
comprises at least 20, at least 25, at least 30, at least 33. at least 40, or at least 45 or more
contiguous nucleotides from SEQ ID NO:1.

The expression of the Lux-encoding nucleic acid segments is preferably regulated
by a nucleic acid regulatory sequence operably linked to the Lux-encoding segment.
Preferably this regulatory sequence comprises a cis-acting element that is responsive to
the presence of the target analyte. Exemplary cis-acting response elements are selected
from the group consisting of an S14 gene sequence, a hepatic L-pyruvate kinase gene
sequence, a hepatic 6-phosphofructo-2-kinase gene sequence, a [-islets insulin gene
sequence, a mesangial transforming growth factor-p gene sequence, and an acetyl-
coenzyme-A carboxylase gene sequence.

In an illustrative embodiment, the cis-acting response element comprises a
contiguous nucleotide sequence from a B-islets insulin gene sequence or a hepatic L-
pyruvate kinase gene sequence. Expression of the nucleic acid sequence is preferably
regulated by a promoter sequence such as the one derived from an L-pyruvate kinase-
encoding gene described herein.

The device may further comprise a wireless transmitter, an antenna, and a source
of nutrients capable of sustaining the bioreporter cells. Likewise the biocompatible
container enclosing the bioreporter may further comprise a membrane that is permeable to
the analyte but not to the bioreporter cells themselves. Such a semi-permeable membrane
permits analytes to flow freely from the bodily fluid into the detector device, but restricts
the migration of bioreporter cells from the device into the surrounding tissues or
circulatory system of the body in which the device is implanted.

In one embodiment. the integrated circuit is a complementary metal oxide
semiconductor (CMOS) integrated circuit. The integrated circuit may comprise one or
more phototransducer, that themselves may be comprised of one or more photodiodes.
Likewise, the integrated circuit may also further comprise a photodiode, a current-to-
frequency converter. a digital counter, and/or a transmitter that is capable of transmitting

either digital or analog data.
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The invention also provides an implantable controlled drug delivery system that
comprises both the BBIC device and an implantable drug delivery pump that is capable of
being operably controlled by the BBIC and that is capable of delivering the drug to the
body of the animal in response to controls by the device. The invention also concerns a
method of providing a controlled supply of a drug to a patient in need thereof. The
method generally involves implanting within the body of the patient the controlled drug
delivery system

The invention also provides a method of determining the amount of a drug
required by a patient in need thereof, such as in the case of giving a diabetic patient an
appropriate amount of insulin. The method generally involves implanting within the body
of the diabetic patient one or more BBIC devices that are responsive to either glucose,
glucagons, insulin, or another glucose metabolite, and determining the amount of insulin
required by the patient based upon the levels of the analyte detected in the body fluids by
the device. When the device indicates that higher levels of insulin are required, the
appropriate control signal can be sent to the drug delivery system and more insulin is
injected into the body. When the device indicates that lower levels of insulin are required,
then the appropriate control signal can be sent to the drug delivery system and less insulin
can be administered. Such “real-time” monitoring of glucose in the body of the animal
permits for controlled release of insulin throughout the day, and obviates the need for
daily or more frequent injections of insulin that may either be too much or too little for the
particular time of administration. This affords a more cost-effective administration of the
drug, and also provides a more stable dosing of the insulin to the patient on an “as
needed” basis.

The invention also provides a kit for the detection of an analyte, and such kits
generally will include one or more of the disclosed BBIC devices in combination with
appropriate instructions for using the detection device. Such kits may also routinely
contain one or more standardized reference solutions for calibrating the device, and may
also include suitable storage or nutrient medium for sustaining the bioreporter cells either
during storage or during use once implanted within the body of the animal. In the case of
therapeutic kits, such kits will also generally include one or more controlled delivery

systems for administration of the drug to the body of the animal.
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The invention also provides a method of i:regulating the blood glucose level of an
animal in need thereof. This method generally comprises monitoring the level of glucose
in the bloodstream or inerstitial fluid of the patient using the BBIC device, and
administering to the patient an effective amount of an insulin composition sufficient to
regulate the blood glucose level.

This new type of bioluminescence-based bioreporter is capable of monitoring
target substances without the disadvantageous requirement that cells be destroyed to
produce the measurable signal. This allows for monitoring to occur continuously, on-line
and in real-time (Simpson et al., 1998a, 1998b). These cells rely on luciferase genes
(designated /ux in prokaryotes and /uc in eukaryotes) for the reporter enzyme system. U.
S. Patent Appl. Ser. No. 08/978,439 and Intl. Pat. Appl. Ser. No. PCT/US98/25295 (each
of which is specifically incorporated herein by reference in its entirety) disclose a self-
contained miniature bioluminescence bioreporter integrated circuit ("BBIC") that was
designed to detect specific molecular targets ex situ or ex vivo.

The present invention concerns an implantable, or an in situ or an in vivo BBIC
device that is capable of being implanted within the body of an animal, and that is capable
of detecting the concentration of one or more analytes present within the animal. The
implantable monolithic bioelectronic device of the present invention generally comprises
a substrate, a bioreporter capable of responding to a particular substance by the emission
of light, a container affixed to the substrate capable of holding the bioreporter, an
integrated circuit on the substrate including a phototransducer operative to generate an
electrical signal in response to the light wherein the signal indicates the concentration of
the substance; and a biocompatible housing that is capable of being implanted within the
body of an animal, with that portion of the housing covering the bioreporter container
comprising a semi-permeable membrane that permits passage of the analyte from the body
of the animal to contact the biosensor, but restricts the bioreporter molecules from
diffusing into the body of the animal that contains the implanted device. The bioreporter
may be in solution, that is a cell suspension, and entrapped in the container by the semi-
permeable membrane, or alternatively the bioreporter may be encapsulated in a selectively
permeable polymer matrix that is capable of allowing the selected substance in solution

reach the bioreporter. Preferably, the matrix is optically clear.
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The apparatus may further comprise a layer of bioresistant/biocompatible material
between the substrate and the container, such a layer of silicon nitride. The integrated
circuit is preferably a CMOS integrated circuit, and the phototransducer is preferably a
photodiode.

The integrated circuit may also include a current to frequency converter and/or a
digital counter. Additionally, the integrated circuit may also include one or more
transmitters. Such transmitters may be wireless, or conventionally wired. In preferred
embodiment, the apparatus also includes a drug delivery device capable of receiving
transmissions from the transmitter.

A further embodiment of the invention is an implantable apparatus for detecting a
selected substance in solution, which comprises an integrated circuit including a
phototransducer adapted to input an electrical signal into the circuit in response to light, a
bioreporter capable of responding to selected substance in solution by emitting light, the
reporter adapted to contact the substance; and a transparent, biocompatible, and
bioresistant separator positioned between the phototransducer and the bioreporter to
enable light emitted from the bioreporter to strike the phototransducer. In a preferred
embodiment of the present invention, the selected substance is glucose. The bioreporter
may be a mammalian cell that contains a nucleotide sequence that encodes one or more
luminescent reporter molecules. Such a nucelotide sequence may comprise one or more
lux genes. In a preferred embodiment the /ux genes comprise both /uxCDE genes and
fused /uxAB genes. In one embodiment, these /ux genes are derived from Xenorhabdus
luminescens. The lux genes may be regulated by a nucleic acid sequence comprising one
or more cis-acting glucose response elements. In an illustrative embodiment, the glucose
response element may be derived from the B-islets or hepatic L-pyruvate kinase gene. In
a highly preferred embodiment the p.LPK.Lucg; plasmid is used to provide one or more
glucose response elements and the L-pyruvate kinase promoter to drive the expression of
one or more /ux genes. The cells constituting the bioreporter may be in suspension,
entrapped in place on the IC by a semi-permeable membrane. Alternatively the cells
constituting the bioreporter may be encapsulated in a polymer matrix affixed to IC. Such
a matrix may be permeable to the selected substance in solution.

A further embodiment of the invention concerns an implantable monolithic

bioelectronic device for detecting a selected substance in body fluid. This device
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generally comprises a biocompatible housing; a bioreporter capable of responding to a
selected substance by emitting; and, a sensor capable of generating an electrical signal in
response to the reception of the emitted light. Such a device may also include a
transparent, bioresistant and biocompatible separator positioned between the bioreporter
and the sensor and a semi-permeable membrane positioned in the biocompatible housing
so that the selected substance can access the bioreporter.

A standard integrated circuit (IC) is coated with a layer of insulating material such
as silicon dioxide or silicon nitride. This process is called passivation and serves to
protect the surface of the chip from moisture, contamination, and mechanical damage.
BBICs require a second coating that must be biocompatible and bioresistant, must protect
the OASIC from chemical stresses, must be optically tuned to efficiently transmit the light
from the material under test, must adhere to an oxide coating, must be pin-hole free, and
must be able to be patterned in order to form openings over the bonding pads and
whatever structures that might be needed to maintain the bioreporter or collect a sample.

The present invention contemplates that the components of the biosensor may be
packaged in kit form. Kits may comprise, in suitable container means, one or more
bioreporters and an integrated circuit including a phototransducer. Kits may further

comprise a drug delivery device.

3.0 BRIEF DESCRIPTION OF THE DRAWINGS

The following drawings form part of the present specification and are included to
further demonstrate certain aspects of the present invention. The invention may be better
understood by reference to one or more of these drawings in combination with the detailed
description of specific embodiments presented herein. Illustrative embodiments of the
present invention are depicted in the drawings, with like numerals being used to refer to
like and corresponding parts of the various drawings.

FIG. 1 shows a perspective view of one illustrative embodiment of the invention.

FIG. 2 shows a side view of an illustrative embodiment of the present invention.

FIG. 3 shows a block diagram of an illustrative embodiment of the integrated
circuit.

FIG. 4A shows a high-quality photodetector that can be made using a standard N-

well CMOS process.

10
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FIG. 4B shows two photodetector structures fabricated in a silicon-on-insulator
CMOS process: on the left, a lateral PIN detector; on the right, a device similar to left
except that the junction is formed with a Schottky junction.

FIG. 5A shows a simple photodiode consisting of a P-diffusion layer, an N-well,
and a P-substrate.

FIG. 5B shows a circuit using a large area photodiode for efficient light collection,
and a small-area diode in a feedback loop to supply the forward bias current that cancels
out the photocurrent.

FIG. 5C shows a circuit using correlated double sampling (CDS) to minimize the
effects of low frequency (flicker) amplifier noise as well as time or temperature dependent
variations in the amplifier offset voltage.

FIG. 6 shows the current-to-frequency converter architecture of the apparatus.

FIG. 7 shows a prototype BBIC biosensor.

FIG. 8 shows a minimum detectable concentration of toluene as a function of
integration time for the prototype BBIC employing the bioreporter Pseudomonas putida
TVAS.

FIG. 9 shows the schematic representation of a peritoneal glucose biosensor and
insulin pump.

FIG. 10A shows a schematic representation of an implantable biosensor
containing two separate photodetectors with the bioreporters responding to either an
increase or decrease in glucose concentrations.

FIG. 10B shows a side view of biosensor showing silastic covering.

FIG. 10C shows a schematic representaion of the utilization of a selectably

permeable membrane to protect bioreporters from the immune response.

4.0  DESCRIPTION OF ILLUSTRATIVE EMBODIMENTS

The luciferase system has been adapted for use in biosensors in vivo. In
prokaryotes, the /ux system consists of a luciferase composed of two subunits coded for
by the genes /ux4 and luxB that oxidize a long chain fatty aldehyde to the corresponding
fatty acid resulting in a blue-green light emission at an approximate wavelength of 490 nm
(Tu and Mager, 1995). The system also contains a multienzyme fatty acid reductase

consisting of three proteins, a reductase encoded by /uxC. a transferase encoded by /uxD,

11
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and a synthetase encoded by /uxE that convert and recycle the fatty acid to the éldehyde
substrate. The genes are contained on a single operon, allowing for the cloning of the
complete /ux gene cassette downstream from user-specific promoters for the utilization of
bioluminescence to monitor gene expression. The majority of bioluminescent
bioreporters consist of Gram-negative organisms engineered to detect and monitor
critically important chemical and environmental stressors (Ramanathan et al., 1997,
Steinberg et al., 1995). Luciferase fusions in Gram-positive bacteria, as well as in yeast
cell lines, are also being successfully performed (Andrew and Roberts, 1993, Srikantha et
al., 1996).

Eukaryotic luciferase genes cloned into bacterial reporters include the firefly
luciferase (luc) producing light near 560 nm and the click beetle luciferase (/ucOR)
emitting light near 595 nm (Cebolla ef al., 1995, Hastings, 1996). Eukaryotic bioreporters
have been designed to monitor glucose concentrations in rat islet B-cells (Kennedy et al.,
1997), steroid activity in HeLa cells (Gagne et al., 1994), ultraviolet light effects in mouse
fibroblast cells (Filatov er al, 1996), toxicity effects in human liver cancer cells
(Anderson et al., 1995), estrogenic and antiestrogenic compounds in breast cancer cell
lines (Demirpence et al., 1995), and erythropoiten gene induction in human hepatoma cell
lines (Gupta and Goldwasser, 1996). To date, most eukaryotic bioluminescent reporters
require cell destruction and the addition of an exogenous substrate, usually luciferin, to
generate a measurable luminescent response.

Green fluorescent protein ("GFP") is also routinely used as a reporter system, with
the significant advantage that cells do not require destructive assay techniques to produce
colorimetric signals (Hanakam et al., 1996; Grygorczyk et al., 1996; Siegel and Isacoff,
1997; Biondi et al., 1998). However, a substrate must be added to the GFP constructs to
first initiate the light response (Prasher, 1995). Humanized GFP cDNA has been
developed which is specifically adapted for high-level expression in mammalian cells,
especially those of human origin (Zolotukhin 1996). Humanized GFP can be efficiently
inserted into mammalian cells using viral vectors (Levy et al., 1996; Gram er al., 1998).

Detection of the bioluminescent signal from the reporter organisms is achieved
through the use of optical transducers, including photomultiplier tubes. photodiodes,
microchannel plates, photographic films, and charge-coupled devices. Light is collected

and transferred to the transducer through lenses, fiber optic cables, or liquid light guides.
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However, applications requiring small volumes, remote detection, or multiple parallel
sensing necessitate a new type of instrumentation that is small and portable, yet maintains

a high degree of sensitivity.

4.1  OVERVIEW OF THE SYSTEM

The present invention describes an implantable BBIC that detects selected
substances. The bioreporter is a genetically engineered cell line in which the nucleic acid
sequence contains a cis-activating response element that is responsive to the selected
substance. In preferred embodiments, the selected substance is glucose. Exposure of the
bioreporter to the selected substances causes the response element to up-regulate a nucleic
acid sequence that encodes one or more polypeptides that generate a luminescent
response. In a preferred embodiment, the Iuminescent response is generated by a
prokaryotic /ux system.

The function of the IC portion of the BBIC is to detect, filter, amplify, digitize,
and report the bioluminescent signal. In effect, the IC serves as a complete laboratory
instrument-on-a-chip: a microluminometer.

Silicon-based ICs can detect optical signals in the near ultraviolet, visible, and near
infrared regions using the PN junctions normally used to form transistors (Simpson et al.,
1999a). Using an n-well/p-substrate photodiode in a 0.5-um bulk CMOS IC process, an
~66% quantum efficiency has been measured at the 490-nm bioluminescent wavelength
(Simpson et al., 1999b). A variety of signal-processing schemes can be employed.
However, counting the pulses from a current-to-frequency converter circuit forms a long
time-constant integrator and is the causal portion of the matched filter for a low-level
bioluminescent signal in white noise. Using the photodiode mentioned above with this
signal-processing scheme, an rms noise level of 175 electrons/second was measured for a
13-minute integration time. corresponding to a detection limit of ~500 photons/second
(Simpson et al., 1999b).

A prototype BBIC was constructed by placing the toluene sensitive bioreporter, P.
putida TVAS, above a custom integrated microluminometer. FIG. 6 shows the prototype
BBIC (including the bioreporter enclosure) as used in the characterization studies

(Simpson er al., 1998b: Simpson et al.. 1998c; Simpson ez al., 1998d).
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With no luminescent signal coming fro)m the cells. multiple measurements were
taken with the integration time set to 1-minute. Leakage currents produced a signal of ~6
counts/minute with a standard deviation (o) of 0.22 counts/minute. As expected, the o
decreased with the square root of the integration time. Longer integration times were
produced off-line by summing 1-minute measurements.

Bioluminescence was induced in the BBIC cells and a control sample of cells by
exposure to toluene vapor. From the control sample measurements, we estimate that the
toluene concentration was no more than 1 ppm. A signal of 12 counts/minute (6
counts/minute above background) was measured. From previous measurements, P. putida
TVAS is known to have a linear response to toluene concentration until saturating when
the concentration reaches a level of approximately 10 ppm. The minimum detectable
toluene concentration for this BBIC as a function of integration time is shown in FIG. 8.
In general. the minimum detectable concentration is also a function of the number of
bioreporter cells and the area of the photodiode.

A naphthalene-sensitive BBIC was produced using the microluminometer
described above and the bioreporter P. fluorescens SRL. Using the same experimental
procedure described above, this BBIC was exposed to naphthalene vapor with a
concentration of approximately 10 ppm. A signal of 240 counts/minute was recorded.

To eliminate the need for the addition of exogenous substrate, cells must
themselves supply the appropriate substrate for the luciferase. In the bacterial system the
substrate is generated by a fatty acid reductase complex coded for by the /uxCDE genes.
This enzyme complex reduces short chain fatty acids to the corresponding aldehyde. The
luciferase then oxidizes the aldehyde to the corresponding fatty acid. The preferred fatty
acid for this reaction is myristic acid, which is present in eukaryotic organisms (Rudnick
et al, 1993). Muyristic acid is usually involved in the myristoylation of the amino
terminus that is associated with membrane attachment (Borgese et al., 1996, Brand et al.,
1996).

In a preferred embodiment, the bioreporter for glucose monitoring will be a
mammalian bioluminescent reporter cell line that has been genetically engineered to
express luminescence in response to glucose concentrations on a continuous basis, without
the need for cell destruction and exogenous substrate addition. Current methodologies

using mammalian bioluminescent reporter cells require cell lysis and addition of an
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exogenous substrate to generate a measurable respbnse. Consequently, these cells cannot
serve as continuous on-line monitoring devices. In a preferred embodiment, this new cell
line is constructed with a bioluminescent reporter utilizing the /ux4B and /luxCDE genes
from X. luminescens incorporated into a plasmid-based system. designated p.LPK.Lucg
which contains a eukaryotic luc gene able to respond to glucose concentrations.
Replacement of the /uc gene with the /ux4B gene will allow for bioluminescence
measurements to occur in real-time with glucose concentrations, negating the requirement
for cell destruction and substrate addition.

To form an implantable, glucose-monitoring BBIC, the bioreporters may be
entrapped in a container behind a semi-permeable membrane that keeps them in place
over the IC photodetector. Alternatively the bioreporter may be encased in a polymer
matrix. The BBIC is enclosed in a biocompatible housing with a semi-permeable
membrane covering the bioreporter region. This membrane allows glucose to pass to the
bioreporters, yet stops the passage of larger molecules that could interfere with the
glucose measurement. When the glucose reaches the bioreporter, it is metabolized and the
cells emit visible light. The IC detects this light, amplifies and filters this signal, and then
reports this measurement. This measurement could be reported to the patient (e.g., to a
wristwatch receiver) or could be reported to an insulin pump in a closed-loop system that
functions much like the pancreas.

FIG. 1 shows a perspective view of the present invention. Glucose 10 that is
being detected enters the BBIC 11 through the semi-permeable membrane 12 that covers
the bioreporter.

FIG 2 shows a side view of the present invention. The BBIC is enclosed in a
biocompatible housing 20 with a semi-permeable membrane 21 covering the bioreporter
held in a container 22. The cells constituting the bioreporter may be in suspension or
encapsulated in a polymer matrix. The bioreporter is separated from a photodetector 23
by a protective coating 24. A single substance 25 contains the photodetector as well as
additional circuits 26 that process and transmits the signal.

FIG. 3 shows a block diagram of one embodiment of the integrated circuit ("IC").
The photodetector is a photodiode 33 connected to a current to frequency converter 30.
The photodiode responds to light by sinking a current. The current is converted to a series

of pulses that are accumulated in a digital counter 31. The number of counts in the
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counter in a fixed amount of time is directly proportional to the amount of light collected
by the photodiode, which is directly proportional to the concentration of glucose. Digital
processing circuitry in the digital counter would determine the appropriate next step for an
insulin pump based on the measured glucose levels. The measured concentration or next
instruction for the insulin pump could be reported via the wireless transmitter 32. All
these circuits (photodiode, signal processing, and wireless transmission) can be fabricated
on one IC.

FIG. 4 shows the bioreporter being supplied with water and nutrients. A fluid and
nutrient reservoir 141 is connected to a microfluidic pump 142 so that nutrient and fluid
144 may flow through the polymer matrix 143 enclosing the bioreporter. Each of these
components can be constructed on a single substrate 140.

FIG. 5A shows a high-quality photodetector made using a standard N-well CMOS
process. The photodetector consists of two reverse biased diodes in parallel. The top
diode is formed between the P+ active layer 45 and the N-well 46, and the bottom diode is
formed between the N-well 46 and the P-substrate 47. The top diode has good short
wavelength light sensitivity (400 — 550 nm), while the bottom diode provides good long
wavelength sensitivity (500 — 1100 nm). Thus, the complete diode is sensitive over the
range from 400 to 1100 nm. The luminescent compound under test 41 is separated from
the photodetector by a layer 40 of Si;N, and a layer 42 of SiO,.

FIG. 10A, FIG. 10B, and FIG. 10C show schematic representations of an
implantable biosensor containing two separate photodetectors with the bioreporters
responding to either an increase or decrease in glucose concentrations.

FIG. 10B shows a side view of biosensor showing silastic covering.

FIG. 10C shows a schematic representaion of the utilization of a selectably

permeable membrane to protect bioreporters from the immune response.

4.2 PHOTODETECTOR

The first element in the micro-luminometer signal processing chain is the

photodetector. The key requirements of the photodetector are:

. Sensitivity to wavelength of light emitted by the bioluminescent or

chemiluminescent compound under test;
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. Low background signal (i.e. leakage current) due to parasitic reverse biased
diodes;
o Appropriate coating to prevent the materials in the semiconductor devices

from interfering with the bioluminescent or chemiluminescent process
under study and to prevent the process under study from degrading the
performance of the micro-luminometer; and,

o Compatibility with the fabrication process used to create the micro-

luminometer circuitry.

Two photodetector configurations that satisfy these requirements are described
below. It should be understood, however, that alternative methods of constructing such a
photodetector can be used by one skilled in the art without departing from the spirit and
scope of the invention as defined in the claims.

In the first embodiment, the photodetector is fabricated in a standard N-well
CMOS process. Shown in FIG. 5A, this detector is formed by connecting the PN
junction between the PMOS active region and the N-well in parallel with the PN junction
between the N-well and the P-type substrate. The resulting detector is sensitive to light
between approximately 400 nm and approximately 1100 nm, a range that encompasses the
450 to 600 nm emission range of most commonly used bioluminescent and
chemiluminescent compounds or organisms. In order to meet the requirement that the
device have a low background signal, the device is operated with a zero bias, setting the
operating voltage of the diode equal to the substrate voltage. The photodiode coating may
be formed with a deposited silicon nitride layer or other material compatible with
semiconductor processing techniques.

In the second photodetector embodiment, the detector is fabricated in a silicon-on-
insulator (SOI) CMOS process. The internal leakage current in an SOI process is two to
three orders of magnitude lower than in standard CMOS due to the presence of a buried
oxide insulating layer between the active layer and the substrate. Two photodetector
structures are envisioned in the SOI process. The first structure, shown on the left of FIG.
5B, consists of a lateral PIN detector where the P-layer is formed by the P+ contact layer,
the I (intrinsic) region is formed by the lightly doped active layer, and the N region is

formed by the N+ contact layer of the SOl CMOS process. The spectral sensitivity of this
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