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alytes within a patient. Stimulation circuitry stimulates the cells/tissue of the biosensor device causing the cells/tissue to evoke a
response that is altered by the presence of a specific analyte. Sensing circuitry detects the evoked response and the amount of analyte
is determined based on the detected response.



i0

b
WA

WO 2007/076303 PCT/US2006/062144

i

IMPLANTABLE CELL/TISSUE-BASED BIOSENSING DEVICE

Field of the invention

The present invention relates to sensors for detecting an gnalyte in g patient, In
particular, the present invention relates to implantable cell/dssue-based sensors for i vive

detection of an analyte.

Backerowund of the Invention

Numerous diseases and pathophysiclogical states are associated with deviations

from normal concentrations of analytes in a patient’s blood or tissues. Congestive heart

taiture (CHF), for instance, causes significant morbidity and moriality, and the healtheare
expenditure for this disease is substantial. While in vitro diagnostic assays to measure
various analyte levels in the blood are now in use, these assessments are point-in-care
assessments that do not provide the clinician a complete profile of a patient's changing
status. The inability to determine when a patient's CHF is worsening (before a palient
gains several pounds in weight and/or edema is greatly increased) until the pationt has a
doctor's appointment or requires hospitalization will result in a delay of treatment.
Moreover, required changes o the patient's therapy will be delayed.

Implantable biosensors bave recently become an important tool for analyzing and
quantifying analyte compositions in a patient's blood which could be used for indtiating
therapy, conducting diagnostics or monitoring. Cells and/or tissues within the patient's
body may act as sensors to detect and monitor these analyie concentrations. For eatly
detection of disease or change in disease such as CHF, it is desirable for the implantable
biosensor to be sensitive to changes in analyte levels, ’ ;

brief Summary of the Invenlion

The disclosure relates 1o a cell/tissue-based device and method for detecting and/or
moniforing an analyte in 4 patient, A biosensing recognition element, which specifically
interacts with the analyte, is implanted within the patient. Stimulation circuitry stimulates
the biosensing recognition element, which evokes a response that is altered when the

biosensing recognition element interacts with the analyte. Sensing circuitry detects the
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response and produces a sensor signal, which is related 10 an amount or presence of the

analyie.

Brief Description of the Drawines

Fig. 1 iz a schematic illustration of a first represenigtive embodiment of a biosensor

device.

Fig. 2A-2D are schematie, cross-sectional Hlustrations of representative
embodiments of cells that may be used with the biosensor device.

Fig. 3 is a top view of a first representative embodiment of a biosensing
recognition element.

Fig. 4A is a cross-sectional side view and Fig. 4B is a top view of a second
representative embodiment of a biosensing recognifion element.

Fig. 5 is a schematic iHustration of a second representative embodiment of a
biosensor device.

Fig, 6 is a schematic illostration of a representalive embodinent of a biosensor
device implanted in endocardiam,

Fig. 7 is a schematic iHustration of a represeniative embodiment of a biosensor
device implanted in epicardium.

Fig. 8 13 a schematic ilustration of a representalive ernbodiment of a biosensor

device implanted in suboutanecus tissue.

Detailed Descoription of the invention

The following detailed description is merely exemplary in nature and is not
intended to limit the invention or the application and uses of the invention. Furthermore,
there is no infention to be bound by any expressed or implied theory presented in the
preceding technical field, background, brief summary ot the following detailed
description.

For the sake of brevity, conventional techiigues related to implantable medicsl
device telemetry, implantable medical device data processing, data communication
protocols, computer network architectures, user inferface generation and manipulation,
and other functional aspects of the systems (and the individual operating components of

the systems) may not be described in detail heretn, Furthermore, the connecting ines
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shown in the various figures contained herein are intended to represent example functional
refafionships and/or physical couplings between the vartous elements. 1t should be noted
that many alternative or additional functional relationships or physical connections may be
present in a practical embodiment.

Fig. 1 is representative embodiment of biosensor device 10. Biosensor device 10
includes biosensing recognition element 12 with biologic agent 14 and permeable
menmbrane 16; glectrodes 18a, 18b and 18¢; conductors 20a, 20b and 20¢; and housing 22
with stimulation circuitry 24, sensing circuitry 26, power source 28 and telemetry
cirguitry 30,

Biologic agent 14 is encapsulated within permeable membrane 16, Membrane 18
is a barrier to prevent cells of biologic agent 14 from migrating or being dislodged while
allowing nutrients, waste products, ete, fo diffuse to and from biologic agent 14, It also
prevents large molecules and cells from interaciing with biologic agent 14 that could result
in mpnological reactions and rejection of biologic sgent 14,

Typically, membrane 16 is abowt 10 mm or fess at its largest diameter. However,
the size will vary depending on the analyle being monitored and the placement of element
12. Suitable materials include, for example, about 50 m to about 100 m thick
polysutfone, polyvinyichloride/polvacyinitrile or & copolvmer of polyvinyl chioride
acrylic. The material should have a molecudar weight cul-off no targer than aboul 100,000
Da but preferably about 30,0060 Da to sbout 30,000 Da.

In some embodiments, it may be suitable 1o include a vascidarization-promoting
material on the onter surface of membrane 16. The architecture of this material promotes
vascularization around biosensing recognition element 12 by allowing cellular penetration
through the material. The increased vascularization creates a healthier envirosunent for
maintenance of biologic agent 14, '

Electrodes 18a, 18b and 18¢, which are collectively an electrical inferface, are
attached to the outer surface of membrane 16. Conductor 20a connects electrode 18a to
stimulation circpitry 24, conductor 20b connects electrode 18b o sensing circuitry 26 and
conductor 20¢ connects electrode 8¢ to stimulation cireuitry 24 and sensing circaitry 26.
Stimutation circuitry 24 is connected to sensing civeuitry 26 and power source 28, Sensing
circuitry 26 is additionally connected to telemetry circuitry 30, which, in furn, is connected

o power source 28,
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Device 10 may be configured with two electrodes. In this embodiment, both
electrodes are shared for stimulation circuitry 24 and sensing circuitry 26, Alternatively,
device 10 may be configured with four electrodes, where two electrodes are associated
with stimulation circuitsy 24 and two electrodes are associated with sensing circuitry 26.
With the Iatter embodiment, g betier measurement of the action potential may be obtgined,
because interference caused by polasization of the electrodes is reduced.

Power source 28 may be one or more baiteries or another implanted medical device
coupled via electrical leads, for example. Any power source adapied to provide {ong-term,
use may be used in conjunction with device 10

Housing 22 is hermetically sealed to protect cirouitry when tmplanted. Hig
initially prograsmumed and then device 10 is tmplanted into a patient. Biosensing
recognition glement 12 is positioned in an area of the body where interaction is likely with
a specific analyte for detection and/or where detection in a specific location, such asin or
around the heast, is desired. hmplantation of clement 12 may be in patient issue or within
the patient’s vascular system. Examples of analytes that may be detected by device 10
include electrolytes, hormones, amino acids/polypeptides/proteins, carbohvdrates, lipids,
neurotransnytters, drugs, ste. Some specific examples include glucose, lactate, creatinine,
troponin T, troponin 1, thrombin, B-ivpe nuttient peptide, catecholamine, potassium,
calcium, eto.

Once implanted, telemetry circuitry 30 allows device 22 to be reprogrammed as
desired. Telemelry circnitry 30 may be capable of long range communication and can
inciude a patient and /or external alert as described in commaonly assigned U.S. Patent No.
6,169,925, The alert notifies the patient or a health care facility if anayle concentrations
fall outside an accepiable range.

© To detect an analyte of interest, an electrical stimulus is genergted by stimulation
circuitry 24 and proceeds along conductors 20a and 20¢ to electrodes 18a and 18¢,
respectively. The electrical stimulas may be any of a nuniber of types of waveforms such
as monophasic, biphasic or multiphasic electrical voltage or cusrent pulse. The electrical
stimuius then propagates across biologic agent 14, Interaction between the analyte and
biclogic agent 14, which is discussed in more detail below, alters depolarization and
repolarization initiated by the electrical stimudus thus altering the electrical response of

biologic agent 14, The clectrical response detected from biologic agent 14, which can be
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an electrogram or impedance spectra, is detected by electrodes 18b and 18cand
transmitted to sensing circuitry 26 via conductors 20b and 200, respectively.

Typically, sensing circuitry 26 processes the data represenling the evoked
response. For example, one or more parameters from each action potential would be
extracted 1o determine whether or not the parameter(s) fall within an expected range. The
data would be further processed with algorithms and a microprocessor to deseribe the
distribution of the parameter(s) and how the parameter(s) have changed over time.

The pathered and processed information is ransmitted to telemetry circuitry 30
where it is stored and then transmitted to an external device and then, for example, toa
healtheare facility for review. Periodic transmission would occur, for example, once a
week. The Chronicle™ System and CareLink ™ Netwaork, both from Medtronic, Inc., are
svstems that may be used o collect and fransmit the information from device 10to g
hesltheare facility.

Electrically stimulating biologic ggent 14 prior to detection provides a more
sensitive and accurate measurement of the effect of the analyte on the electrical response,
The electrical stimulus simulianecously delivers a depolarization signal {0 essentially all
cells within biologic agent 14. Under these conditions, the maxinmum amount of detected
glectrical response is larger than without prior stimudation, Thus, the spectrum between
maximum and minimum readings is wider allowing more specific and accurate
correspondence between the detected readings and the concentration of analyte.

Biologic agent 14, as described above, forms the basis of biosensor device 10 and
is comprised of tissue or cells. Because of its lportance, senging civcuitry 26 may also be
used to monitor the viability of the tissue or cells to minimize risks that sjtered evoked
responses arve due o, for example, dead or dying cells or tissue instead of the presence of
an anslyte. Monitoring may be carried out by varying the timing of the stimulation from
stimudation circuitty 24, The time from stimudation to the action potential is then
measured and used to determine if blologic agent 14 is viable,

The tissue or cells of biologic agent 14 may be any of a number of types but are
typical'ly excitable such as cardiac myocytes or neurons or are genetically modified to
produce a detectable electrical response.

The cells or tissue may be derived from varions animal sources but are usually

human. Cells or {issue derived from the patient may also be used.
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The celis or tissue may also be derived from allogeneic or syngeneic stem cells.
The stem cells, which may or may not be genetically modified, are cultured o differentiate
into an appropriate tissue or el type.

The celis or tissue may be modified at a molecular, genetic and/or cellular level.
Molecularly modified cells or lissue are treated elther in vive or in vilro with a component
that modifies a function or activity of the fssue or cells. Such components include, for
example, cytokines, growth factors and hormones.

Genetically modified cells or tissue are engineered to include stable or transient
sequence that is expressed by the cells or issue. The expressed product is typically
protein. The sequence may express & product normally expressed by the cells or Hissue
such that the cells or fissue now overexpress the praduct, or the sequence may express a
product that is foreign to the cells or fissue. Alternatively, the sequence may express a
chimeric product that is a combination of the two or it may express a mutant/maodified
version of g normally expressed product.

In addition, the cells or tissue may be genetically modified to alter the level of
expression of a specific gene. For example, a gene may be regulated and normally only
expressed pnder specific conditions. Regudalory elements of the gene can be modified
such that the gene is constitotively expressed.

Celldarly modified cells or tissue have allered iniracellular and/or extracelialar
matrices or growth architecture that affect cellular activity or function. For example, cells
may be cuttured in specific geomettic contigurations such as in circular patterns.

Figures 2A-2D illustrate representative embodiments of cells useful in device 10.
Figure 2A shows excitable cell 34. Cell 34 may, for example, be a myocardial cell or
neuwrona cell. Cell 34 includes membrane 36, intraceliular space 38, extracellular space
40 and ton channel 42 with subunits 44. Typically, fon channel 42 transports ions from
extracellular space 40 iato intraceliular space 38, from intraceliular space 38 into
extracellular space 40 or both. Transported ions may be, for example, sodinm, potassium,
or caleium. During the resting phase, ¢ell 34 has an electrical charge across membrane 36,
with intracellular space 38 being negative with respect to extracellular space 40, Certain
external stimuli, such as the electrical stimulation described above, initiate depolarization
where the charge across membrane 36 is reduced. During depolarization, ion channel 42

opens o allow an influx of jons into infracellular space 38. Depolarization of cell 54
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occurs as & wave as each subsequent ion channet 42 is triggered along membrane 36, The
cell subsequently repolarizes to its resting potential, and the combination of depolarization
and repolarization constitute the action potential. The electrical signals generated by the
action potential, as is well-known in the art, can be detected.

With respect to device 10, cell 34 iz usefid in detecting the effect of substances
such as phanmacestical agents or toxins. Many substances can effect celiular action
potentials. Inthis embodiment of device 10, those effects can be monitored to indicate the
effect of the substance, whether or not cells within the patient are responding appropriately
or to titrate an appropriate dose of & particular substance 1o evoke a particular response, In
addition, the effects of combining medications can be monitored.

In order to increase the sensitivity of the cells or tissus, cells may be genetically
madified to overexpress channel proteins such as subunits 44, Figure 2B shows modified
cell 46 having membrane 36 and ion channels 422, 420 and 42¢ with subunits 44s, 44b
al 440, respectively. In this embodiment, because cell 46 hag more ion chaanels than
that of cell 44, cell 46 has greater sensitivity and creates a stronger electrical signal than
that of cell 44,

Figure 2C is a representative embodiment of a modified cell 48. Inthig
gmbodiment, ion channels 42a, 42b and 43¢ are not only overexpressed by cell 48, but are
also maodified to include analyte specific receptors 50z, 50b and 50c. The term receptors
also include antibodies, antibody fragments or any type of ligand. Receptors 30a, 50b and
30c exiend into extraceliular space 40 for interaction with an analyte. For example, device
10 may be used to detect troponin I i wive when receptors 30a, 50b and 50¢ specifically
bind troponin I. ‘When bound, ion channels 42a, 42b and 42¢ open allowing ion flow
across membrane 36, which generates a detectable electrical signal. The concentration of
troposin I directly relates to the amount of binding to one or more of receptors 30z, 50b
and/or $0c and the resulting electrical signal that is evoked. By delecting and analyzing
that electrical signal, the concentration of troponin I within the patient can be determined.

In some instances, it may be beneficial to detect two different or two forms of a
protein. For instance, device 10 may be used to detect combined concentrations of
troponin b and troponin T. A cell type represented by cell 52 in Figure 2D may be used.

In this embodiment, one of subunit 44a is now linked to receptor 54 (a troponin T specific

receptor), while subunits 44b and 44c are inked to receptors 50b and 50c¢, respectively. In
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ihis way, a single cell type detects combined concentrations of two different proteins or
two forms of the same protein.

Some examples of membrane channel proteins that ave usefid with the present
invention are listed in Table 1. Table 1 also indicates each proteing function and the

corresponding gene from which it is exproessed.

Table ¥
Protein Function Gene
sodium channel protein, | voltage-dependent SNC7A/SCNGA.
cardiac and skeletal depolarization
muscle alpha~sabunit
voltage-gated sodium voltage~dependent SCNSA/SCNICA
channel alpha-9/10-like | depolarization
potassivm channel voltage-dependent KCNS1
Kvé.1 depolgrization
protein-iyrosine voltage~dependent PIPE
phosphatase epsilon depolarization
smali-conductancs voltage-dependent KONN3
calclum-activated hyperpolatization
potassitim channel SK3
voltage-dependent T~ voltage-dependent CACNAIG
type calcium channel calelum influx
alpha-1(r subunit
dihvdropyridine- voltage ~dependent CACNAZD]
sensitive L-type, calcium influx
caleium chanael alpha-
2/delta subunits
voltage-dependent voltage-dependent CACNGS
caleiwm channel calcium infiox
gamma-5 subunit
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outward rectifying mechano~dependent KUNK2

potassium channel hyperpolarization

protein TREER-]

short transient receptor | receptor-dependent TRP2

potential channel 2 calciom influx

aquaporin 1 water influx AQP1

sodium/hydrogen

exchanger 3 NHE-~5

proton efflux

NHES/SLC2AS

sodiuni/caleiom calohnm efflux SLCRAINCX
exchanger 1 NCX-1

plasma membrane caloium efftux ATP2RI/PMCAL
calclum-transporting

ATPase }

cation-chioride cation and chloride co~ | CCCH

cotransporter 6

fransport

natural resistance-

iron and manganese

NRAMPUSLCTIAL

sugar

associated macrophage | uptake

prolein

aming-acid ransporter | amine acid wansport SLC38A4
ATAS/AFTP-Y

solate carrier family amine acid transport SLC7A4
Tieationie amino acid

transporter 3

sodium~- and chloride- amino acid transport SLCGAD
dépendent gl y:.ﬁm 7

ransporter 1

sodium- and chloride~ negrofransmitter NTT4
dependent transporter fransport

NTT4

glucose transporter 3 facilitated diffusion of | GLUT3/SLC2A3
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glucose transporter 5 facilitated diffusion of | GLUTS/SLC2AS

Sugas

As noted above, electrodes 18a, 18b and 18¢ may be attached to the outer surface
of membrane 16. Fig. 3 is a top view of biosensing recognition element 12 showing
electrades 18a and 18b. Electrodes 18, 18b and i8¢ are fabricated from an inert metal
and therefore, may also be contained within membrane 16 and in direct contact with
biologic agent 14.

In addition, electrodes of the present invention may take on vartous configurations.
Figs. 4A and 4B are side and top views illustrating a representative embodiment of
bivsensing recognition element 56, In this embodiment, electrode 18¢ is identicat 1o the
previous embodiment. Electrode 58a, however, is C-shaped, and electrode 58b is centered
within electrode 58a. The configurations shown here are only exemplary. Any of a
nsumber of configurations may be used in conjunction with device 10.

In another variation of the present invention, an array of biosensing recognition

- elements 12 may be used for detecting multiple analytes. Fig. § i3 a representative

embodiment of biosensing array device 60. Device 60 includes housing 22 with leads 62,
which connect 10 array 64, Array 64 includes lead switch 66 connected to blosensing
recognifion elements 12a~12f via leads 683-68f, respectively.

Biosensing recognition elements 12a-12f are each configured essentially identical
{o biosensing recognition element 12 shown in Fig. 1, except that each of elements 12a-~
12F contain # biologic agent 14 that is gpecific for a different analvie, Lead switch 66
allows stimulation of and detection via individual bivsensing elements at specific times.
Alternatively, switching between individual biosensing elements can be performed by
switching ciroitry within honsing 22. - ‘

For example, element 12a detects analyte A, element 12b detects analyie B, ete.
Device 10 can be programmed so that clement 12a is stimolated and its response is sensed
first. Then, element 12b is stimulated and iis response is sensed second. Thig process
continues through to element 128 Device 10 can be programmed for any patiern of
switching between biosensing recognition elements 12a~12f. In addition, array 64 can

accommodate additional or fewer biosensing recognition elements as desirved.
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In an alternate embodiment, a single membrane 16 may encompass array 64
instead of individual membranes 16 encompassing each of elements 12a-12f. A single
membrane 16 around array 64 could be easter to assemble but there would be increased
risk of migration of the various biologic agents.

As noted previously, blosensing recognition element 12 can be Implanted into any
of a mumber of locations within a patient. Fig. 6 is a represeniative embodiment showing
element 12 implanted into the endocardium of heart I, Leads 70 extend out of heart H {o
connect to circuilry within housing 22,

In Fig. 7, biosensing recognition element 12 is implanted into the epicardium of
heart H. Again, electrodes 70 comnect element 12 with circuitry within housing 22.

In another representative embodiment shown in Fig. 8, biosensing recognition
clement 12 is implanted subcutaneousty into the torso of patient P. These embodiments
are exemplary. Depending on the analyte(s) being detected, element 12 could be
positioned almost anywhere within patient P, In addition, housing 22 shown in any of the
embodiments can contain components and circuitry for delivering therapy fo patient P,

Device 10 or device 60 may be stand-~alone products or be integrated as part of &
thevapy delivery device. Such therapy delivery devices include implantable pacemakers,
defibriliators, cardisc resynchronization therapy systenis, drug pumps or any other means
known in the art. The integrated devices may be programmed such that pafient treatment
is automatically altered or initiated based on the detected analvtes. Alternatively,
treatment provided by the integrated devices may be altered or started by 2 clinician after
analysis of data gathered from the integrated device.

The stimulation of cells in a cell/tissue~based sensor and detection of the evoked
response provides more accurate and sensitive i vivo detection of an analyte. This not
only results in earlier and/or better treatment for the patient but also potentially decreases
healthcare costs. Without analyte detection, signs of disease or worsening conditions may
only be seen afler the disease or condition has significantly progressed to later stages
making treagtment longer and more difficult,

Although the present invention has been described with reference to preferred
embodiments, workers skilled in the art will recognize that changes may be made in form

and detail without departing from the spitit and scope of the invention,
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CLAIMS
{. A blosensor device for sensing an analyie in a patient, the biosensor device
COMprising:

a biosensing recognition element capable of interacting with the analyte and carying outa
response that is alterable upon interaction with the anatvie;

an electrical interface contacting the biosensing recognition element;
stumulation circuitry, associated with the electrical interface, for stimulating the biosensing
recognition element; and
sensing oirevitry, associated with the electrical interface, for sensing the response of the

biosensing recognition element.

2. The biosensor device of claim 1 wherein the biosensing recognition element
comprises:
a biologie agent; and

a permeable membrane encapsulating the biologic agent.

3. The biosensor device of claim 2 wherein the biologic agent is molecnlarly,

genstically or cellularly modified.

4, The biosensor device of claim 1 wherein the response sensed by the sensing

circuitry is cellsdar action potential, impedance or bath.
5. The biosensor device of claim 1 operably connected to a therapy delivery device.

6. The biosensor device of claim 5 wherein the therapy delivery device is one of a

pacemaker, defibritlator, cardiac resynchronization therapy system and drug pump.

7. The biosensor device of claim 1 wherein stimulation circuitry provides one of

monophasic valtage, biphasic voltage, multiphasic voltage and current pulses.

8. The biosensor device of claim 1 and fusther comprising:

telemetry civcuitry in communication with the sensing circuiiry,
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9. The biosensor device of claim 1 wherein the biosensing recognition element
further comprises a biologic agent, and the sensing circuitry monitors viability of the

-~

biclogic agent.

10.  Animplantable biosensor device for sensing a plurality of analytes, the
unplaniable biosensor device comprising:

a plurality of biosensing recognition elements, each biosensing recognifion element
capable of intergeting with at least one of the plurality of analytes and canrying outa
response that is alterable upon interaction with at least one of the plurality of analytes;

a plurality of electrical interfaces contacting the plurality of biosensing recognition
elements;

stimulation circuitry, associated with the plurality of electrical tnterfaces, for
stinlating the plurality of biosensing recognition elements; and

sensing circuliry, assoctated with the plurality of electrical interfaces, Tor sensing

the response of the plurality of biosensing recognition elements.

11,  The implantable biosensor device of claim 10 whergin each biosensing recognition
element includes a biologic agent that is specific Tor at least one of the plurality of

analvies.

12, The implantable biosensor device of claim 11 wherein the biologic agent is derived

from stem celis.

13, The implantable biosensor device of claim 11 wherein the biologic agent is

molecularly, genetically or celludarly modified.

14, The implantable biosensor device of claim 11 wherein the biologic agent is

encapsuiated in g permeable membrane.

1S, The implantable biosensor device of claim 10 and further comprising:

a lead switch operably connected to the plurality of electrical inferfaces.
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16, A method of seasing an analyte In a patient, the method comprising:
implanting & bivsensing recognition element in the patient, the biosensing recognition
element being capable of interacting with the analyte and carrying out a response that is
alterable upon interaction with the analyte,
electrically stimulating the biosensing recognition element;

detecting the response of the blosensing recognition element; and

relating the detected response with an amount or presence of the analyte.

17, The method of claim 16 wherein the response includes a cellular action potential or

impedance.

18,  The method of claim 16 and finther comprising:
altering or initiating treatment of the patient based on the detected amountt or presence of

the analyte.

19, The method of claim 15 and further comprising:

monitoring viability of the biosensing recognition element.

20. The method of claim 16 wherein the response is implemented as a diagnostic,

menitoring or both tovls.
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