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SENSOR FOR PERCUTANEOUS INTRAVASCULAR DEPLOYMENT
WITHOUT AN INDWELLING CANNULA

CROSS-REFERENCE TO RELATED APPLICATIONS
[0001] This application claims the benefit of U.S. Provisional Patent
Application No. 61/045,887, filed April 17, 2008, the entire contents of which are

incorporated herein by reference and should be considered a part of this specification.

BACKGROUND OF THE INVENTION

Field of the Invention

[0002] A sensor for intravascular residence is disclosed along with methods
for percutaneous deployment of the sensor. In preferred embodiments, the sensor is a
fiber-optic glucose sensor which is inserted and resides in a peripheral vein without an
indwelling cannula.
Description of the Related Art

[0003] Despite advances in glucose detection technologies, there are no
minimally invasive, accurate, real-time, in vivo sensors on the market for monitoring
glucose levels over a period of days or weeks. Consequently, it has been a significant
burden on diabetics, patients and hospital staff to perform frequent blood sampling for
conventional ex vivo blood glucose monitoring. There are short-term continuous glucose
sensors that use enzyme-based glucose detection in the interstitial fluid. However, such
sensors are relatively large, complex and expensive. These electrochemical sensors also
consume reactants (e.g., glucose), which may become limiting particularly when the
sensors are walled off due to the patient’s foreign body reaction. Moreover, the
equilibration lag time may change and the correlation between blood and interstitial
glucose levels may become tenuous, particularly in seriously ill (e.g., ICU) patients.

[0004] Intravascular sensor deployment raises other technical difficulties.
Typically, one sensor for each analyte has been placed in a patient’s blood vessel(s)
through an indwelling cannula. If it is desired to measure several analytes, a plurality of
sensors are often required, which can cause attendant discomfort to the patient and
complexity of the electronic monitoring equipment. Moreover, even the deployment of a

single sensor within a peripheral vein presents continuous maintenance issues for the
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nursing staff. The present state of the art is that sensors are deployed through indwelling
cannulas. Because blood becomes trapped and clots within such cannulas and between
the cannula and the sensor, the cannula must be flushed continuously or periodically,
typically with saline/heparin. In the ICU, for example, the nursing staff regularly purge
(e.g., every 4 hrs) the trapped blood and clots, to maintain cannula access to the vein
opern.

[0005] Accordingly, there remains an important unmet need for a sensor
configured for intravascular deployment and methods of deploying such a sensor, wherein
the sensor by itself is left to reside within the vein, without any additional structural

components (e.g., an indwelling cannula).

SUMMARY OF THE INVENTION

[0006] A method is disclosed for deploying a sensor in a blood vessel of a
patient. The method comprises positioning the sensor in the blood vessel, such that at
least a distal portion of the sensor resides within the blood vessel and at least a proximal
portion of the sensor extends out of the patient, wherein there are no additional
components associated with the sensor within the patient.

[00607] In one preferred embodiment, the blood vessel is a peripheral vein. In
another preferred embodiment, the sensor is an optical fiber glucose sensor.

[0008] In one embodiment, the step of positioning the sensor further
comprises introducing the sensor into the blood vessel through an introducer assembly.

[0009] In another embodiment, the step of positioning the sensor further
comprises removing the introducer assembly, leaving only the sensor in the patient.

[0010] A method for measuring an analyte concentration in a blood vessel is
disclosed in accordance with another embodiment. The method comprises: providing a
sensor configured to reside at least in part within the blood vessel and generate a signal
related to the analyte concentration in the blood; introducing the sensor into the blood
vessel through an introducer assembly; removing the introducer assembly, leaving only
the analyte sensor in the patient; and detecting the signal to measure the analyte
concentration in the blood.

[0011] A method for deploying a sensor in a blood vessel is disclosed in
accordance with another embodiment. The method comprises: providing an introducer

assembly comprising a hypodermic needle slidably engaged within a splitable cannula,
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wherein a piercing tip of the hypodermic needle extends distally beyond the splitable
cannula; cannulating the blood vessel with the introducer assembly; withdrawing the
hypodermic needle, leaving the splitable cannula in the vessel; inserting the sensor
through the splitable cannula and into the vessel; withdrawing the splitable cannula from
the vessel, leaving the sensor in the vessel; and splitting and removing the cannula from
the sensor.

[0012] A method for continuous monitoring of blood glucose levels in a
patient is disclosed in accordance with another embodiment. The method comprises:
providing an introducer assembly comprising a hypodermic needle slidably engaged
within a removable cannula, wherein a piercing tip of the hypodermic needle extends
distally beyond the removable cannula; inserting the introducer assembly into a peripheral
vein; retracting the hypodermic needle from the removable cannula, while leaving the
removable cannula in the peripheral vein; providing an optical glucose sensor comprising
a fluorescent indicator system disposed along a distal end region and adapted to generate
an optical signal related to the blood glucose level in response to light, an elongate fiber-
optic body, and an optical coupling disposed along a proximal end region; inserting the
optical glucose sensor through the removable cannula and into the peripheral vein;
retracting the removable cannula from the vein, while leaving the sensor in the peripheral
vein; removing the removable cannula from the sensor; connecting the optical coupling to
a device comprising a light source and a detector; and detecting the optical signal to
monitor the blood glucose level of the patient. In one preferred embodiment, the
removable cannula has at least one scoring such that the removable cannula can be split.

j0013] For purposes of summarizing the invention, ceriain aspects, advantages
and novel features of the invention are described herein. It is to be understood that not
necessarily all such advantages may be achieved in accordance with any particular
embodiment of the invention. Thus, for example, those skilled in the art will recognize
that the invention may be embodied or carried out in a manner that achieves one
advantage or group of advantages as taught herein without necessarily achieving other
advantages as may be taught or suggested herein. These and other objects and advantages
of the present invention will be more apparent from the following description taken in

conjunction with the accompanying drawings.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0014] FIG. 1 shows a side view of an embodiment of an intravascular sensor.

[0015] FIG. 2 shows a side view of one embodiment of a peelable introducer.

[0016] FIG. 3 shows a perspective view of one embodiment of a splitable
introducer.

[0017] FIG. 4A shows a back view of the splitable introducer of FIG. 3.

[0018] FIG. 4B shows a side view of an introducer assembly comprising the
splitable introducer of FIG. 3 and a hypodermic needle.

[0019] FIG. 5 shows a cut-away view of a sensor where a portion of the
porous membrane sheath is cut away to expose the optical fiber and hydrogel beneath the
membrane.

{0020] FIG. 6 is a cross-sectional view along a longitudinal axis of a sensor
with a hydrogel disposed distal the optical fiber.

[0021] FIGS. 7A and 7B show blood glucose determinations in vitro in a
circulating blood loop, with a comparison of the GLUCATH™ and YSI detection
methods.

[0022]  FIGS. 8A and 8B show Bland-Altman difference plots comparing
laboratory references to SURESTEP PRO FINGERSTICK™ and GLUCATH™
equilibrium fluorescent glucose sensor. The GLUCATH™ sensor is deployed in vivo in

the right jugular vein of sheep.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT

j0023] In one embodiment, the present invention involves a method for
deploying a sensor in a blood vessel of a patient, wherein the sensor resides within the
patient without any additional device or structural components, €.g., introducer, cannula,
catheter, sleeve, etc. The deployment of a naked, preferably very small and non-
thrombogenic, sensor addresses some of the disadvantages that presently face patients and
medical staff, e.g., thrombogenesis, constant staff care, etc. The sensor can be adapted to
sense any analyte using known sensing systems and/or chemistries. The blood vessel can
be an artery or a vein. The method comprises positioning the sensor in the blood vessel,

such that a distal portion of the sensor resides within the blood vessel by itself, and a
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proximal portion of the sensor extends out of the patient, wherein there are no additional
components associated with the sensor within the patient.

[0024]  More particularly, new and elegant solutions to some of the technical
challenges faced by patients and medical staff in using existing in vivo glucose sensors are
disclosed. In one embodiment, a solution to the technical challenges involves using a
sensor comprising equilibrium, non-consuming fluorescence-based detection chemistry.
Equilibrium optical sensing addresses the problems associated with rate-limiting
consumption of enzymatic reactants in current electrochemical sensors. Further,
placement within a peripheral vein, as opposed to subcutaneous (interstitial) placement,
provides direct monitoring of blood glucose levels, thereby avoiding the problems
associated with measuring glucose levels in the interstitial fluid—e.g., uncertain and
changing equilibration time for glucose between the blood and the interstitial fluid. In
another embodiment, deployment of a very small diameter, non-thrombogenic fiber-optic
sensor within a vein, without an indwelling cannula, addresses the serious burden on the
nursing staff related to continuous or periodic flushing of the cannula to maintain open
access to the vein.

[0025] Examples of small diameter, equilibrium optical sensors are disclosed
in U.S. Patent No. 6,627,177 and U.S. Patent Publ. No. 2006/0083688, and co-pending
U.S. Patent Appl. Nos. 11/296,898; 11/782,553; 11/671,880; 12/027,158; 12/026,396;
60/917,309; 60/917,307; 60/954,204; 60/915,372; 60/949,145; and 60/989,732; each of
which is incorporated herein in its entirety by reference thereto.

[0026] Processes for inserting catheters into a blood vessel are known.
Generally, a hypodermic needle is first inserted into the blood vessel. Once the
hypodermic needle is in place in the blood vessel, a guidewire may be threaded through
the hypodermic needle and into the blood vessel. After the guidewire has been inserted
into the blood vessel through the hypodermic needle, the hypodermic needle can be
removed, leaving the guidewire in place in the blood vessel. Next, a cannula is threaded
over the guidewire and into the blood vessel. Finally, the guidewire is removed and the
catheter is introduced into the blood vessel through the cannula. When the catheter is an
analyte sensor, the cannula is left indwelling.

[0027}  In preferred embodiments, the present invention relates to a fiber-optic
glucose sensor that is introduced into and resides within a blood vessel (or interstitial site)

by itself, without an indwelling cannula or permanent introducer. The small diameter and
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flexibility of such a sensor provide obvious advantages in relation to patient comfort.
Liao, K.-C., et al., Biosens. Bioelectron. (2008), doi: 10.1016/j.bios.2008.01.012 recently
disclosed a smaller and less invasive glucose sensor designed for interstitial implantation,
wherein glucose sensitivity is mediated by Con A binding and Quantum dots are used as
FRET donors; the sensor chemistry is immobilized at the end of an optical fiber in a PEG-
DA hydrogel. However, Liao et al, does not disclose intravascular deployment.
Interstitial fluid is generally slow to equilibrate with glucose. Thus, intravascular
monitoring is highly preferred because it is the glucose in bloed that is important,
particularly where patients are critically ill and the medical staff is trying to maintain tight
glycemic control. Very sick patients tend to exhibit huge fluid shifts, which dramatically
change glucose response time/correlation between blood glucose and interstitial fluid
glucose.

[0028] In some embodiments, e.g., for walking diabetics, interstitial
deployment of an equilibrium fiber-optic sensor may be utilized. The equilibrium
between blood and interstitial fluid glucose will tend to be relatively constant in such
patients, wherein the convenience (less-invasive nature) of interstitial deployment may be
preferred.

{0029] FIG. 1 shows an embodiment of a sensor 10 having a distal end 12 and
an elongate body 14 that can be percutaneously inserted into a blood vessel, such as a vein
or artery, for intravascular residence. In some embodiments, the vein or artery can be a
peripheral vein or a peripheral artery, while in other embodiments, the vein or artery can
be a central vein or a central artery. In some embodiments, the sensor can be interstitially
deployed. The sensor 10 can be a sensor for measuring any compound, metabolite,
chemical, protein, molecule, nutrient, and/or hemodynamic parameter of interest. For
example, the sensor 10 can be a sensor for measuring glucose, ions such as potassium,
blood gases, such as oxygen and carbon dioxide, flow rate, pressure, pH, or any other
measurable analyte. In some embodiments, as illustrated in FIG. 1, the sensor 10 is a
fiber-optic glucose sensor as further described in co-pending U.S. Appl. Nos. 12/026,396,
filed February 5, 2008 and U.S. Application No. 12/027,158, filed February 6, 2008, both
of which are incorporated herein by reference in their entireties.

[0030] The sensor 10 can be percutaneously introduced into a blood vessel by
using a removable introducer 20, embodiments of which are illustrated in FIGS. 2-4. The

introducer 20 can be, for example, peelable or splitable. One embodiment of a peelable
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introducer 20 is shown in FIG. 2. The introducer 20 has a distal end 22, a proximal end
24 and an elongate body 26 having a lumen therebetween. In some embodiments, the
elongate body 26 can be a sheath or tubular structure with thin walls. The proximal end
24 comprises a hub 27 having a first wing 28 and a second wing 30 that extend
transversely away from the elongate body 26. The first wing 28 and second wing 30 are
located opposite or substantially opposite each other. The elongate body 26 can have two
longitudinal score lines 32, 34 which are located opposite or substantially opposite each
other and divide the elongate body 26 into two halves, each half attached to a wing. The
score lines 32, 34 are weakened portions of the elongate body 26 that allow the infroducer
20 to be split in half by grasping the wings 28, 30 and pulling the wings 28, 30 apart.

[0031] FIGS. 3 and 4A and 4B illustrate an embodiment of a splitable
introducer 20. As shown in FIG. 3, the splitable iniroducer 20 has a distal end 22, a
proximal end 24 and an elongate body 26 having a lumen 36 therebetween. The proximal
end 24 comprises a hub 27 having a first wing 28 and a second wing 30 that extend
transversely away from the elongate body 26. As shown in FIG. 4A, the first wing 28 and
the second wing 30 can be attached to the hub 27 at an angle o to each other. In some
embodiments, the angle a between the first wing 28 and the second wing 30 is less than
about 120 degrees.

[0032] As shown in FIG. 3, the splitable introducer 20 has a single score line
32 that runs along the length of the elongate body 26 and hub 27. The score line 32 is
located on a portion of the splitable introducer 20 that generally opposes the first wing 28
and the second wing 30. For example, as shown in FIG. 4A, the splitable introducer 20
can be divided in half longitudinally by plane P which also bisects angle a. The score line
32 is located at an angle y from the first wing 28 and at an angle § from the second wing.
In some embodiments, B and v are approximately equal. In some embodiments, B and y
are at least about 120 degrees. The splitable introducer 20 can be split along the score
line 32 by squeezing the first wing 28 and the second wing 30 together. In some
embodiments, squeezing can advantageously be accomplished by using just one hand.

[0033] FIG. 4B illustrates an introducer assembly 40 comprising a splitable
introducer 20 and a hypodermic needle 42 disposed therein. The hypodermic needle 42
has a distal end 44 and a proximal end 46 and a cannula 48 extending therebetween. The
distal end 44 of the cannula 48 can be beveled to terminate in a sharp point that facilitates

entry of the hypodermic needle 42 into the patient’s tissue. The proximal portion of the
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hypodermic needle can include a filter 50 and flashback chamber 52. When the distal end
44 of the hypodermic need 42 is inserted into a blood vessel or interstitial space, blood or
interstitial fluid will fill the flashback chamber 52, thereby facilitating the correct
placement of the introducer assembly 40 into the blood vessel. The filter 50 can function
to contain the blood within the flashback chamber 52 and to reduce the likelihood of
contamination of the blood, thereby reducing the chance of infection. As illustrated, the
cannula 48 is removably disposed within the lumen 36 of the elongate body 26 of the
splitable introducer 20.  After the introducer assembly 40 is inserted in the blood vessel
or interstitial space, the hypodermic needle 42 can be withdrawn from the splitable
introducer 20, leaving just the splitable introducer 20 in the blood vessel or interstitial
space.

[0034]  Additional types of removable introducers 20 are also suitable for
introducing the sensor 10 into a blood vessel. For example, an introducer 20 that can be
removed by cutting can be used in some embodiments. The cutting tool used to cut the
introducer 20 can be designed to cut the introducer 20 without damaging the sensor 10
underneath.

[6035] In some embodiments, the iniroducer 20 can be made out of a metal,
metal alloy, resin (for example, a thermosetting resin such as an epoxy resin or phenolic
resin), polymer (for example, a thermoplastic polymer or, in some cases, an elastomeric
polymer) or a combination of the forgoing compounds. The polymer can be polyacrylate,
polyurethane, polysulfone, polypropylene, polytetrafluoroethylene, polyethylene,
polystyrene, polymethyl methacrylate, polycarbonate, polyethylene terephthalate,
polyvinyl chloride, or any other suitable polymer. In certain embodiments, the introducer
comprises polyurethane.

[0036] Examples of removable introducers that can be used in accordance
with some embodiments are described in U.S. Patent Nos. 4,345,606, 5,141,497,
5,334,157, 5,409,469, 6,273,874, and 6,663,595, and EP 0402057B1; each of which is
incorporated herein in its entirety by reference thereto.

[0037] In some embodiments, an introducer assembly comprises an introducer
with a hypodermic needle coaxially engaged within the lumen of the introducer. The
hypodermic needle or stylus is typically within the lumen of the introducer 20 before the
introducer 20 is inserted into the patient to access the patient’s blood vessel or interstitial

site. The distal end of the hypodermic needle or stylus can extend beyond the distal end
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22 of the introducer 20 so that the hypodermic needle or stylus can help the introducer 20
penetrate the patient’s tissue to access the blood vessel. In addition, the hypodermic
needle can help the medical practitioner locate the blood vessel by allowing the medical
practitioner to visualize blood when the hypodermic needle enters a blood vessel. It is
understood that any member capable of piercing the skin and traversing the underlying
tissue can be used in accordance with embodiments of the invention—it need not be a
“hypodermic needle” per se. In one embodiment, the introducer itself may comprise a
beveled or otherwise piercing distal end that is splitable, peelable, etc., such that a
separate needle need not be used to access the blood vessel or interstitial site.

10038] In some embodiments, the hypodermic needle has a diameter that is
only slightly less than the diameter of the elongate body 26 of the introducer 20. This can
be accomplished by making the walls of the elongate body 26 relatively thin. In addition,
the hypodermic needle can have a diameter that is only slightly less than the lumen 36 of
the introducer 20 so that the hypodermic needle fits snugly into the lumen 36. In some
embodiments, the distal end 22 of the introducer 20 can be beveled or tapered to provide a
gradual increase in diameter of the distal portion of the clongate body 26. In some
embodiments, e.g., where a metal needle and a stretchable polymeric introducer are
employed, the diameter of the needle may be equal to or even larger than the diameter of
the introducer, such that the introducer expands to accommodate the needle.

[0039] The hypodermic needle, which projects past the distal end 22 of the
introducer 20, is used to puncture the skin and tissue of the patient, creating a hole with a
diameter substantially equal to the diameter of the hypodermic needle. As the
hypodermic needle and introducer 20 are advanced through the patient’s tissue and into
the blood vessel or interstitial site, the distal end 22 of the introducer 20 enters the hole
made by the hypodermic needle. As described above, in some embodiments the beveled
or tapered distal end 22 facilitates insertion of the elongate body 26 of the introducer 20
into the hole made by the hypodermic needle by closely matching the diameter of the
distal end 22 to the diameter of the hole. The beveled or tapered distal end 22 also allows
the hole to be gradually stretched wider, rather than further cutting or tearing the tissue, as
the introducer is advanced. The wall of the elongate body 26 can be thin in order to
reduce the degree of widening of the hole that occurs as the introducer is advanced. In
addition, the gradual widening or stretching of the hole facilitates the formation of a tight
seal between the patient’s tissue and the elongate body 26.

9.
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[0040] After the introducer 20 is inserted into the blood vessel, the
hypodermic needle or stylus can be removed from the lumen 36 of the introducer 20. In
some embodiments, the elongate body 26 can be flexible and kink resistant. The elongate
body 26 can be made flexible by fabricating the elongate body 26 out of a polymer such as
polyacrylate, polyurethane, polysulfone, polyproprylene, polytetrafluroethylene,
polyethylene, polystyrene, polymethyl methacrylate, polycarbonate, polyethylene
terephthalate, polyvinyl chloride, or any other suitable polymer. The elongate body 26
can be made stiff, while maintaining its flexibility, and kink resistant by embedding or
incorporating a coil of wire into the polymer elongate body 26. This is especially true for
elastomeric polymers, such as polyacrylate and polyurethane. Preferably, the wire is very
thin and can be made out of a variety of metals or metal alloys, such as steel, nickel,
titanium, aluminum or a combination of each. However, in some embodiments, the
clongate body 26 does not comprise a coil of wire. Making the elongate body 26 flexible
and kink resistant reduces the likelihood that the lumen 36 will kink or collapse, which
can make insertion of the sensor 10 through the introducer 20 difficult.

[0041] The sensor 10, a fiber-optic glucose sensor in preferred embodiments,
can be inserted into the lumen 36 of the introducer 20 and into the blood vessel. In some
embodiments, the sensor 10 has a diameter that is the same as or substantially similar to
the diameter of the hypodermic needle or to the inner diameter of the lumen 36 of the
introducer 20. The sensor 10 can have a smooth surface to facilitate passage of the sensor
10 through the lumen 36 of the introducer 20. In some embodiments, a lubricant can be
used to facilitate passage of the sensor 10 through the lumen 36 of the introducer 20.

[0042} After the sensor 10 has been introduced into the blood vessel or
interstitial site through the lumen 36 of the introducer 20, the introducer 20 can be
withdrawn from the patient’s tissue. The introducer 20 can be removed from the sensor
10 by peeling, splitting or cutting the introducer 20, as described above.

[0043] Once the introducer 20 has been removed, the stretched hole closes
around the sensor 10, forming a seal. The surface of the sensor 10 can be made smooth to
enhance the seal between the patient’s tissue and the surface of the sensor 10. This allows
the sensor 10 to reside in the blood vessel or interstitial site without using a permanent
indwelling cannula that also resides in the blood vessel or interstitial site.

[0044] In some embodiments, the sensor 10 can be given anti-thrombogenic

properties by, for example, coating or treating the surface of the sensor 10 with heparin or
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another compound with anti-thrombogenic properties. In addition, the sensor 10 can be
fabricated with a smooth surface having low thrombogenicity. For example, the sensor 10
surface can be made of a polymer such as polytetrafluoroethylene. Portions of the sensor
10 that include a porous or semipermeable membrane can be given a smooth surface by
the polymerization of a polymer, such as a hydrogel, within the pores of the membrane, as
described in co-pending U.S. Application No. 12/026,396, filed February 5, 2008, which

1s hereby incorporated by reference in its entirety.

EXAMPLES

[0045] In some embodiments, a fiber-optic glucose sensor can be inserted into
a blood vessel or an interstitial space of the patient as described hercin. The glucose
sensor comprises an optical glucose measurement system that measures glucose
concentration levels using glucose-sensing chemical indicator systems. Such indicator
systems preferably comprise a fluorophore operably coupled to a glucose binding moiety.
Preferably, the glucose binding moiety acts as a quencher with respect to the fluorophore
(e.g., suppresses the fluorescent emission signal of the fluorophore in response to
excitation light when it associates with the fluorophore). In preferred embodiments, as
the glucose binding moiety binds glucose (e.g., as glucose concentrations rise), it
dissociates from the fluorophore, which then generates a fluorescent emission signal upon
excitation. Accordingly, in such embodiments, the higher the glucose concentration, the
more glucose bound by the binding moiety, the less quenching, and the higher the
fluorescence intensity of the fluorophore upon excitation.

[0046] The optical glucose measurement system measures, in certain
embodiments, the glucose concentrations intravascularly or interstitially and in real-time
through the use of such fluorophore-quencher indicator systems. The glucose-sensing
indicator systems can be immobilized in a hydrogel. The hydrogel can be inserted into an
optical fiber such that light may be transmitted through the hydrogel while at least a
portion of the hydrogel is in contact with blood. The hydrogel is preferably permeable to
analytes, specifically glucose. The optical fiber together with the hydrogels can comprise
a glucose sensor that is placed in a mammalian (human or animal) blood vessel or
interstitial space. In certain embodiments, light is transmitted into the glucose sensor
from a light source. The light source can be a light emitting diode that emits an optical

excitation signal. The optical excitation signal can excite the fluorophore systems in the
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presence of glucose, such that the fluorophores emit light at an emission wavelength. In
certain embodiments, the fluorophore systems can be configured to emit an optical
emission signal at a first wavelength having an intensity related to the blood glucose
concentration in the blood vessel or the interstitial fluid giucose concentration in the
interstitial space. The light can be directed out of the glucose sensor such that the light is
detected by a light sensitive module (or detector system) that can comprise at least one
detector. Detectors include any component capable of converting light into a measurable
signal, and may include but are not limited to photomultipliers, photodiodes, diode arrays,
or the like. The at least one detector can be configured to measure the intensity of the
emission wavelength because the intensity of the emission wavelength, in certain
embodiments, is related to the glucose concentration present in the blood. In certain
embodiments, the light sensitive module (or detector system) comprises an interference
filter, an amplifier, and/or an analog-to-digital converter. The light sensitive module (or
detector system) can also comprise a microspectrometer, spectrometer, or the like.

[0047] Various non-glucose related factors can affect the measurements of the
intensity of the emission wavelength, resulting in measurement errors. In certain
embodiments, the measurement errors are eliminated or are substantially eliminated or
reduced by employing a ratio of certain signals. The measurement errors that may be
eliminated include but are not limited to changes in the intensity of the light generated
from the light source(s), changes in the coupling efficiency of light into the optical fibers,
bending of the optical fiber and the ensuing loss of light from the fiber, changes in the
sensitivity of the detection circuit due to, for example, temperature or age or duration of
use. In certain embodiments, the ratio of certain signals is unaffected by changes in the
light source intensity, the coupling efficiency of the light source into the optical fibers,
bending of the optical fibers or the like. The ratio of certain signals can be the ratio of an
emission signal to an excitation signal. In certain embodiments, the ratio of certain
signals is the ratio of an emission signal to a second optical signal. The second signal
may be the excitation light signal which is transmitted through the optical system, through
the sensor and indicator system, and reflects back at least in part from the sensor into the
light sensitive module (or detector system). Alternatively, the second signal may be
generated by a separate reference light, for example red light, which is not absorbed by
the indictor system. The second signal may be generated by certain fluorophores as a

second emission signal at a different wavelength—the intensity of which is independent
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of glucose. Any light that is propagated through the optical system, can be either not
altered by the glucose concentration or is the excitation light. Light not altered by the
glucose concentration can be detected by the light sensitive system (or detector system)
and may be used as the second or reference light signal.

[0048]  From the disclosure herein, it will be apparent to those of ordinary skill
in the art that other sources of measurement errors may also be eliminated by employing a
ratio of certain signals.

[0049] The indicator system (also referred to herein as a fiuorophore system)
can comprise a fluorophore operably coupled to a quencher. In certain embodiments, the
fluorophore system comprises a polymer matrix comprising a fluorophore susceptible to
quenching by a viologen, a viologen quencher with quenching efficacy dependent on
glucose concentration, and a glucose permeable polymer, wherein said matrix is in contact
with blood in vivo. Preferably the fluorophore is a fluorescent organic dye, the quencher
is a boronic acid functionalized viologen, and the matrix is a hydrogel.

[0050] “Fluorophore” refers to a substance that when illuminated by light at a
particular wavelength emits light at a longer wavelength; i.e. it fluoresces. Fluorophores
include but are not limited to organic dyes, organometallic compounds, metal chelates,
fluorescent conjugated polymers, quantum dots or nanoparticles and combinations of the
above. Fluorophores may be discrete moieties or substituents attached to a polymer.

[0051] Fluorophores that may be used in preferred embodiments are capable
of being excited by light of wavelength at or greater than about 400 nm, with a Stokes
shift large enough that the excitation and emission wavelengths are separable by at least
10 nm. In some embodiments, the separation between the excitation and emission
wavelengths may be equal to or greater than about 30 nm. These fluorophores are
preferably susceptible to quenching by electron acceptor molecules, such as viologens,
and are resistant to photo-bleaching. They are also preferably stable against photo-
oxidation, hydrolysis and biodegradation.

[0052] In some embodiments, the fluorophore may be a discrete compound.

[0053]  In some embodiments, the fluorophore may be a pendant group or a
chain unit in a water-soluble or water-dispersible polymer having molecular weight of
about 10,000 daltons or greater, forming a dye-polymer unit. In one embodiment, such
dye-polymer unit may also be non-covalently associated with a water-insoluble polymer

matrix M' and is physically immobilized within the polymer matrix M', wherein M' is
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permeable to or in contact with an analyte solution. In another embodiment, the dye on
the dye-polymer unit may be negatively charged, and the dye-polymer unit may be
immobilized as a complex with a cationic water-soluble polymer, wherein said complex is
permeable to or in contact with the analyte solution. In one embodiment, the dye may be
one of the polymeric derivatives of hydroxypyrene trisulfonic acid. The polymeric dyes
may be water-soluble, water-swellable or dispersible in water. In some embodiments, the
polymeric dyes may also be cross-linked. In preferred embodiments, the dye has a
negative charge.

[0054] In other embodiments, the dye molecule may be covalently bonded to
the water-insoluble polymer matrix M', wherein said M' is permeable to or in contact
with the analyte solution. The dye molecule bonded to M! may form a structure M'-1-
Dye. L'isa hydrolytically stable covalent linker that covalently connects the sensing
moiety to the polymer or matrix. Examples of L' include lower alkylene (e.g., Ci-Cg
alkylene), optionally terminated with or interrupted by one or more divalent connecting
groups selected from sulfonamide (--SO,NH--), amide --(C=0)N--, ester -—(C=O)--O——,
ether.--O--, sulfide --S--, sulfone (--SO,--), phenylene --CsHas--, urethane --NH(C=0)--O-
-, urea --NH(C=0)NH-~, thiourea --NH(C=S)--NH--, amide --(C=0)NH--, amine --NR--
(where R is defined as alkyl having 1 to 6 carbon atoms) and the like, or a combination
thereof. In one embodiment, the dye is bonded to a polymer matrix through the
sulfonamide functional groups.

[0055]  In accordance with broad aspects of the present invention, the analyte
binding moiety provides the at least dual functionality of being able to bind analyte and
being able to modulate the apparent concentration of the fluorophore (e.g., detected as a
change in emission signal intensity) in a manner related to the amount of analyte binding.

" In preferred embodiments, the analyte binding moiety is associated with a quencher.
“Quencher” refers to a compound that reduces the emission of a fluorophore when in its
presence. Quencher (Q) is selected from a discrete compound, a reactive intermediate
which is convertible to a second discrete compound or to a polymerizable compound or Q
is a pendant group or chain unit in a polymer prepared from said reactive intermediate or
polymerizable compound, which polymer is water-soluble or dispersible or is an insoluble
polymer, said polymer is optionally crosslinked.

[0056] In one example, the moiety that provides glucose recognition in the

embodiments is an aromatic boronic acid. The boronic acid is covalently bonded to a
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conjugated nitrogen-containing heterocyclic aromatic bis-onium structure (e.g., a
viologen). “Viologen” refers generally to compounds having the basic structure of a
nitrogen containing conjugated N-substituted heterocyclic aromatic bis-onium salt, such
as 2,2, 3,3'- or 4,4-N,N' bis-(benzyl) bipyridium dihalide (i.e., dichloride, bromide
chloride), etc. Viologen also includes the substituted phenanthroline compounds. The
boronic acid substituted quencher preferably has a pKa of between about 4 and 9, and
reacts reversibly with glucose in aqueous media at a pH from about 6.8 to 7.8 to form
boronate esters. The extent of reaction is related to glucose concentration in the medium.
Formation of a boronate ester diminishes quenching of the fluorphore by the viologen
resulting in an increase in fluorescence dependent on glucose concentration. A useful bis-
onium salt is compatible with the analyte solution and capable of producing a detectable
change in the fluorescent emission of the dye in the presence of the analyte to be detected.

[0057] Bis-onium salts in the embodiments of this invention are prepared from
conjugated heterocyclic aromatic di-nitrogen compounds. The conjugated heterocyclic
aromatic di-nitrogen compounds are selected from dipyridyls, dipyridyl ethylenes,
dipyridyl phenylenes, phenanthrolines, and diazafluorenes, wherein the nitrogen atoms are
in a different aromatic ring and are able to form an onium salt. It is understood that all
isomers of said conjugated heterocyclic aromatic di-nitrogen compounds in which both
nitrogens can be substituted are useful in this invention. In one embodiment, the
quencher may be one of the bis-onium salts derived from 3,3’-dipyridyl, 4,4'-dipyridyl and
4,7-phenanthroline.

[0058] In some embodiments, the viologen-boronic acid adduct may be a
discrete compound having a molecular weight of about 400 daltons or greater. In other
embodiments, it may also be a pendant group or a chain unit of a water-soluble or water-
dispersible polymer with a molecular weight greater than about 10,000 daltons. In one
embodiment, the quencher-polymer unit may be non-covalently associated with a polymer
matrix and is physically immobilized therein. In yet another embodiment, the quencher-
polymer unit may be immobilized as a complex with a negatively charge water-soluble
polymer.

[0059] In other embodiments, the viologen-boronic acid moiety may be a
pendant group or a chain unit in a crosslinked, hydrophilic polymer or hydrogel

sufficiently permeable to the analyte (e.g., glucose) to allow equilibrium to be established.
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[0060] In other embodiments, the quencher may be covalently bonded to a
second water-insoluble polymer matrix M?, which can be represented by the structure M-
L2-Q. L?is a linker selected from the group consisting of a lower alkylene (e.g., C1-Cg
alkylene), sulfonamide, amide, quaternary ammonium, pyridinium, ester, ether, sulfide,
sulfone, phenylene, urea, thiourca, urethane, amine, and a combination thereof. The
quencher may be linked to M at one or two sites in some embodiments.

[0061] In certain embodiments, at least one quencher precursor is used to
attach the quenching moiety to at least one polymer. For example, aromatic groups may
be used to functionalize a viologen with combinations of boronic acid groups and reactive
groups. In certain embodiments, this process includes attaching an aromatic group to
each of the two nitrogens in the dipyridyl core of the viologen. At least one boronic acid
group, a reactive group, or a combination of the two are then attached to each aromatic
group, such that the groups attached to each of the two nitrogens on the dipyridyl core of
the viologen may either be the same or different. Certain combinations of the
functionalized viologen quenching moiety are described as follows:

a) a first aromatic group having a pendent reactive group is attached to the
first nitrogen and a second aromatic group having at least one pendent boronic group is
attached to the second nitrogen;

b) one or more boronic acid groups are attached to a first aromatic group,
which is attached to the first nitrogen, and one boronic acid group and a reactive group are
attached to a second aromatic group, which second aromatic group is attached to the
second nitrogen;

c) one boronic acid group and a reactive group are attached to a first aromatic
group, which first aromatic group is attached to the first nitrogen, and one boronic acid
group and a reactive group are attached to a second aromatic group, which is attached to
the second nitrogen; and

d) one boronic acid group is attached to an aromatic group, which aromatic
group is attached to each of the two nitrogens, and a reactive group is attached to a carbon
in a heteroaromatic ring in the heteroaromatic centrally located group.

[0062]  Preferred embodiments comprise two boronic acid moieties and one
polymerizable group or coupling group wherein the aromatic group is a benzyl substifuent
bonded to the nitrogen and the boronic acid groups are attached to the benzyl ring and

may be in the ortho- meta- or para- positions.
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[0063] FIG. 5 shows an embodiment of the distal portion of a sensor 100
comprising an optical fiber 110 with a distal end 112 disposed in a porous membrane
sheath 114. The optical fiber 110 has cavities 106, such as holes, in the fiber-optic wall
that can be formed by, for example, mechanical means such as drilling or cutting. The
cavities 106 in the optical fiber 110 can be filled with a suitable compound, such as a
polymer. In some embodiments, the polymer is a hydrogel 108. In other embodiments of
the sensor 100 as shown in FIG. 6, the optical fiber 110 does not have cavities 106, and
instead, the hydrogel 108 is disposed in a space distal to the distal end 112 of the optical
fiber 110 and proximal to the mirror 123. In some embodiments, the sensor 100 is a
glucose sensor. In some embodiments, the glucose sensor is an intravascular or interstitial
glucose sensor.

[0064] In some embodiments, the porous membrane sheath 114 can be made
from a polymeric material such as polyethylene, polycarbonate, polysulfone or
polypropylene. Other materials can also be used to make the porous membrane sheath
114 such as zeolites, ceramics, metals, or combinations of these materials. In some
embodiments, the porous membrane sheath 114 is microporous and has a mean pore size
that is less than approximately two nanometers. In other embodiments, the porous
membrane sheath 114 is mesoporous and has a mean pore size that is between
approximately two nanometers to approximately fifty nanometers. In still other
embodiments, the porous membrane sheath 114 is macroporous and has a mean pore size
that is greater than approximately fifty nanometers.

[0065] In some embodiments as shown in FIG. 6, the porous membrane
sheath 114 is attached to the optical fiber 110 by a connector 116. For example, the
connector 116 can be an elastic collar that holds the porous membrane sheath 114 in place
by exerting a compressive force on the optical fiber 110. In other embodiments, the
connector 116 is an adhesive or a thermal weld.

[0066] In some embodiments as shown in FIG. 5, a mirror 123 and thermistor
125 can be placed within the porous membrane sheath 114 distal the distal end 112 of the
optical fiber 110. Thermistor leads 127 can be made to run in a space between the optical
fiber 110 and porous membrane sheath 114. Although a thermistor 125 is shown, other
devices such as a thermocouple, pressure transducer, an oxygen sensor, a carbon dioxide

sensor or a pH sensor for example can be used instead.
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[0067] In some embodiments as shown in FIG. 6, the distal end 118 of the
porous membrane sheath 114 is open and can be sealed with, for example, an adhesive
120. In some embodiments, the adhesive 120 can comprise a polymerizable material that
can fill the distal end 118 and then be polymerized into a plug. Alternatively, in other
embodiments the distal end 118 can be thermally welded by melting a portion of the
polymeric material on the distal end 118, closing the openihg and allowing the melted
polymeric material to resolidify. In other embodiments as shown in FIG. 5, a polymeric
plug 121 can be inserted into the distal end 118 and thermally heated to weld the plug to
the porous membrane sheath 114. Themoplastic polymeric materials such as
polyethylene, polypropylene, polycarbonate and polysulfone are particularly suited for
thermal welding. In other embodiments, the distal end 118 of the porous membrane
sheath 114 can be sealed against the optical fiber 110.

[0068] With reference to FIGS. 7A and B, the results of glucose
determination over time and with infused glucose in a circulating blood loop in vitro are
compared for a continuous glucose sensor in accordance with a preferred embodiment of
the present invention (—GLUCATH™) and the Yellow Springs Instrument glucose
oxidase lab analyzer (e YSI), the gold standard of blood glucose measurements. The
GLUCATH™ equilibrium fluorescence glucose sensor used in this experiment comprised
HPTS-triCysMA dye and 3,3’-0BBV quencher. FIG. 7A shows an 8 hr time course with
changes in circulating glucose in the range of 50-400 mg/dl. FIG. 7B is an expanded
illustration of the two hr stepwise addition of 10 mg/dl boluses. The data show that the
equilibrium fluorescence glucose sensor provides continuous monitoring of blood glucose
which is as accurate as the YSI lab analyzer. The expanded view in FIG 7B shows rapid
and accurate sensing even at very low levels of blood glucose (between 50 and 100
mg/dl). This is surprising since accurate detection in such a low range has been extremely
difficult to accomplish with other detection devices. The lack of accurate and reliable
blood glucose sensing below 100 mg/dl has hampered ICU attempts to maintain target
blood glucose levels, because of the significant clinical risk of going too low.

[0069] With reference to FIGS. 8A and B, Bland-Altman plots show
differences between laboratory references and either fingerstick POC (FIG. 8A) or
GLUCATH™ indwelling equilibrium fluorescence glucose sensor (FIG. 8B) for in vivo
blood glucose monitoring. FIG. 8A shows results of biood glucose detection using a

standard fingerstick test compared to a clinical chemistry system. The 95% confidence
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limits vary from -22.7 to 28.4 mg/dl with a bias of 2.1 mg/dl. It is noteworthy that very
few readings below 100 mg/dl can be seen. FIG. 8B shows results of blood glucose
detection using GLUCATH™ continuous equilibrium fluorescence glucose sensor,
deployed intravascularly in sheep compared to the YSI lab analyzer. The differences are
much tighter, with 95% confidence limits of -11.7 to 14.1 mg/dl and a bias of only 1.2
mg/dl. There are many more data points below 100 mg/dl.

[0070] The invention may be embodied in other specific forms without
departing from its spirit or essential characteristics. The described embodiments are to be
considered in all respects only as illustrative and not restrictive. The scope of the
invention is therefore indicated by the appended claims rather than the foregoing
description. All changes that come within the meaning and range of equivalency of the

claims are to be embraced within their scope.
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WHAT IS CLAIMED IS:

L. A method for deploying a sensor in a blood vessel of a patient, comprising:

positioning the sensor in the blood vessel, such that at least a distal portion
of the sensor resides within the blood vessel and at least a proximal portion of the
sensor extends out of the patient, wherein there are no additional components
associated with the sensor within the patient.

2. The method of Claim 1, wherein the sensor is an equilibrium sensor.

3. The method of Claim 2, wherein the equilibrium sensor is an optical fiber
glucose sensor, wherein the optical fiber glucose sensor operates by a fluorophore
operably coupled to a glucose binding moiety. |

4, The method of any one of Claims 1-3, wherein the sensor measures at least

one of glucose, potassium ions, oxygen, carbon dioxide, flow rate, pressure, and pH.

5. The method of any one of Claims 1-4, wherein the sensor is non-
thrombogenic.
6. The method of any one of Claims 1-5, wherein the blood vessel is a

peripheral vein or artery.

7. The method of any one of Claims 1-6, wherein positioning the sensor
further comprises introducing the sensor into the blood vessel through an introducer
assembly.

8. The method of Claim 7, wherein the introducer assembly comprises a
hypodermic needle, wherein a piercing tip of the hypodermic needle extends distally
beyond the introducer assembly.

9. The method of any one of Claims 7-8, wherein the introducer assembly has
a proximal end and a distal end, wherein the proximal end of the introducer assembly
comprises a hub having a first wing and a second wing located at an angle o to each other.

10.  The method of any one of Claims 7-9, wherein the introducer assembly has
at least one score line along a longitudinal axis, wherein the at least one score line is a
weakened portion of the introducer assembly.

11.  The method of Claim 10, wherein the at least one score line divides the
longitudinal axis of the introducer assembly into two halves wherein each half comprises

one of a first wing and & second wing.
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12.  The method of any one of Claims 1-11, wherein positioning the sensor
further comprises removing the introducer assembly while leaving only the sensor in the
patient.

13.  The method of Claim 12, wherein removing the introducer assembly while
leaving only the sensor in the patient forms a seal around the sensor.

14.  The method of any one of Claims 12-13, wherein removing the introducer
assembly comprises at least one of splitting the introducer assembly, peeling the
introducer assembly, and cutting the introducer assembly.

15. The method of Claim 14, wherein splitting the introducer assembly
comprises squeezing a first wing and a second wing together, wherein the first wing and
the second wing are disposed opposite each other along a longitudinal axis of the

introducer assembly.
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