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DESCRIPTION

BACKGROUND

Field of the Invention

[0001] In preferred embodiments, the invention relates to the detection of blood glucose, and
more particularly to ratiometric correction of optical glucose measurements for potential
artifacts of optical systems.

Description of the Related Art

[0002] Hyperglycemia and insulin resistance are common in critically ill patients, even if such
patients have not previously had diabetes. In these situations, glucose levels rise in critically ill
patients thereby increasing the risk of damage to a patient's organs. Further, studies have
shown that normalization of blood glucose levels with insulin therapy improves the prognosis
for such patients, thereby decreasing mortality rates.

[0003] More recent scientific evidence confirms that dramatic improvements in the clinical
outcome of hospitalized Intensive Care Unit (ICU) patients can result from tight therapeutic
control of blood glucose to normal ranges. These studies indicate that Tight Glycemic Control
(TGC) of ICU patients may reduce mortality by as much as 40%, and significantly lower
complication rates. In these situations, it is necessary to accurately, conveniently and
continuously monitor blood sugar in a real-time device specifically designed to meet the
challenging needs of the ICU environment. Researchers at Johns Hopkins University estimate
that TGC can save as many as 150,000 lives and reduce U.S. healthcare costs by as much as
$18 billion annually.

[0004] Performing TGC requires continuous and accurate monitoring of a patient's blood
glucose levels. Thus, there is a need for a real-time glucose monitoring system that is adapted
to meet the needs of ICU patients.

[0005] WO2006/044973 describes a device for sensing glucose concentration having a
sensing element attached to an optical conduit. The sensing element comprises a reporter
group which undergoes a luminescence change in response to glucose concentration.
WQ2005/065241 discloses the use of boronic acid containing xanthene, coumarin, carbostyril
and phenalene based small molucules in an in-vivo glucose biosensor. Badugu et at (Talanta
66 (2005) 569 - 574) describe the pH response of isomeric water-soluble florescent probes
based on the 6-aminoquinolinium and boronic acid moieties. Cordes et al (1 January 2006
Topic in Fluorescence Spectroscopy, pages 47 - 87, ISBN: 978-0-387-29571-8) describe the
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use of a boronic acid substituted viologen / anionic fluorescent dye system as an optical sugar
sensor.

SUMMARY OF THE INVENTION

[0006] The invention is as defined in claim 1 below. Optional features are set out in the
dependent claims.

[0007] Various embodiments of optical systems and methods are disclosed herein for
determining blood glucose concentrations. The various embodiments share at least two
features. First, they involve exciting a chemical indicator system with an excitation light signal
and measuring the emission light signal of the indicator system, wherein the indicator system
comprises a fluorophore operably coupled to a glucose binding moiety-such that the emission
light signal generated by the indicator system upon excitation is related to the blood glucose
concentration. Second, they involve correcting the blood glucose concentration measurements
from the aforementioned indicator system for potential artifacts and errors derived from the
optical systems themselves, which are unrelated to the blood glucose concentration. The
correcting is performed by ratiometric analysis. More particularly, the ratio of emission light
signal to a second light signal that is propagated through the optical system, e.g., the excitation
light signal or a separate reference light signal, is used for correcting any non-glucose related
contributions of the optical system. All of the various hardware embodiments and methods
disclosed herein are configured to provide optical determination and ratiometric correction of
blood glucose concentration. More detailed descriptions of the many embodiments may be
found in the accompanying Drawings and Detailed Description.

[0008] An optical device for determining blood glucose concentration is disclosed in
accordance with preferred aspects of the present invention. The device comprises: a fiber optic
sensor sized to be positioned within a blood vessel, the sensor being optically coupled to the
excitation light source and comprising an indicator system comprising a fluorophore operably
coupled to a glucose binding moiety, wherein upon absorption of at least a portion of the
excitation light signal, the indicator system emits an emission light signal having an intensity
related to the blood glucose concentration; and a light sensitive module operably coupled to at
least the fiber optic sensor, wherein the light sensitive module detects the emission light signal
and at least a second light signal, wherein the second light signal is derived from the excitation
light source or an optional reference light source.

[0009] In preferred embodiments, the optical device further comprises a data processing
device configured to determine the blood glucose concentration in the blood vessel by
performing a ratiometric analysis of the emission light signal and the at least second light signal
thereby substantially compensating for changes in the optical emission signal intensity
unrelated to the blood glucose concentration.

[0010] In certain embodiments, the optical device for determining blood glucose concentration
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comprises a reference light source that emits a reference light signal. The optical device for
determining blood glucose concentration can also comprise at least one optical module
configured to deliver the excitation light signal and the reference light signal to the fiber optic
sensor. The optical module can comprise a collimator lens, an interference filter, and/or a
focusing lens for each light source.

[0011] The optical device for determining blood glucose concentration can also comprise a
mode mixing scrambler configured to remove high mode light from at least the excitation light
signal. The fluorophore in the optical device can be excited by the excitation light signal and
emits at least a first emission light signal and a second emission light signal, wherein the first
and second emission light signals are related to glucose concentrations, and wherein a ratio of
the first and second emission light signals is pH insensitive.

[0012] The optical device can also comprise a second excitation light source that emits an
excitation light signal at a different wavelength than the first excitation light source. In this
embodiment, the fluorophore can be excited by the first and second excitation light signals and
emits a single emission light.

[0013] In certain embodiments, the light sensitive module (or detector system) in the optical
device comprises a beam splitter configured to receive at least the emission light signal and
the excitation light signal from the fiber optic sensor, wherein the beam splitter is configured to
reflect a first portion of light and configured to allow a second portion of light to pass through
the beam splitter. In other embodiments, the light sensitive module (or detector system)
comprises at least a first detector, a second detector, a first amplifier, a second amplifier, and a
first analog to digital converter, and a second analog to digital converter. The light sensitive
module (or detector system) can also comprise, in other embodiments, a microspectrometer or
spectrometer.

[0014] The fiber optic sensor in the optical device can also comprise a second fluorophore,
wherein upon absorption of at least a portion of the excitation light signal, the second
fluorophore emits a second emission light signal having an intensity insensitive to the blood pH
and glucose concentration. The fiber optic sensor in the optical device can also comprise a
second optical fiber that is embedded with a dye, wherein the dye emits a second emissions
light upon excitation by the excitation light signal. The fiber optic sensor can also comprise a
dye coated surface that emits a second emission light upon excitation by the excitation light
signal.

[0015] In certain embodiments, the optical device for determining blood glucose
concentration, comprises: an excitation light source that emits an excitation light signal; a fiber
optic sensor sized to be positioned within a blood vessel, the sensor being operably coupled to
the excitation light source and comprising an indicator system comprising a fluorophore
operably coupled to a glucose binding moiety, wherein upon absorption of at least a portion of
the excitation light signal, the indicator system emits an emission light signal having an intensity
related to the blood glucose concentration; and a detector system operably coupled to at least
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the sensor, wherein the detector system comprises a means for detecting the emission light
signal and at least a second light signal, wherein the second light signal is derived from the
excitation light source or an optional reference light source. The means for detecting the
emission light signal and at least a second light signal can comprise a microspectrometer. In
other embodiments, the means for detecting the emission light signal and at least a second
light signal comprises at least two light detectors.

[0016] The optical device can also comprise a data processing device in communication with
the detector system, wherein the data processing device determines the blood glucose
concentration substantially corrected for artifacts of the optical device unrelated to the blood
glucose concentration by performing a ratiometric analysis of the emission light signal and the
second light signal.

[0017] In certain embodiments, an optical system for determining blood glucose
concentration, comprises: an excitation light source that emits an excitation light signal; a fiber
optic sensor sized to be positioned within a blood vessel, the sensor being operably coupled to
the excitation light source and comprising an indicator system comprising a fluorophore
operably coupled to a glucose binding moiety, wherein upon absorption of at least a portion of
the excitation light signal, the indicator system emits an emission light signal having an intensity
related to the blood glucose concentration; at least one optical module configured to deliver the
excitation light signal to the fiber optic sensor and the emission light signal from the fiber optic
sensor to a detector system, wherein the detector system comprises a means for detecting the
emission light signal and at least a second light signal, wherein the second light signal is
derived from the excitation light source or an optional reference light source; and a computer
system configured to receive data from the detector system, wherein the computer system is
configured to perform ratiometric calculations on the data to substantially eliminate optical
artifacts unrelated to glucose concentrations, wherein the computer system comprises a
monitor for outputting data to a user, an input device for allowing the user to input additional
data into the computer system, a processor for performing the ratiometric calculations, a
storage device for storing data, and a memory.

[0018] In certain embodiments, the means for detecting the emission light signal and at least
a second light signal comprises a microspectrometer. The means for detecting the emission
light signal and at least a second light signal can also comprise at least two light detectors.

[0019] A ratiometric method for correcting an optical measurement of blood glucose
concentration for optical artifacts unrelated to the blood glucose concentration is disclosed in
accordance with further aspects of the invention. The method comprises the steps of:

1. (1) providing an optical device comprising an excitation light source that emits an
excitation light signal; a fiber optic sensor sized to be positioned within a blood vessel,
the sensor being optically coupled to the excitation light source and comprising an
indicator system comprising a fluorophore operably coupled to a glucose binding moiety,
wherein upon absorption of at least a portion of the excitation light signal, the indicator
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system emits an emission light signal having an intensity related to the blood glucose
concentration; and a light sensitive module operably coupled to at least the fiber optic
sensor, wherein the light sensitive module detects the emission light signal and at least a
second light signal, wherein the second light signal is derived from the excitation light
source or an optional reference light source;

2. (2) deploying the fiber optic sensor within a blood vessel;

3. (3) actuating the excitation light source thereby exciting the indicator system, and
optionally actuating the optional reference light source;

4. (4) detecting the emission light signal and the second light signal; and

5. (5) correcting the blood glucose concentration, comprising: (i) calculating a ratio of the
emission light signal to the second light signal; and (ii) comparing said ratio with a
predetermined function that correlates ratios of emission light signals to second light
signals with blood glucose concentrations.

[0020] A disposable fiber optic glucose sensor, comprising an elongate member having
proximal and distal end regions, wherein the proximal end region of the elongate member is
configured for operably coupling to an optical device comprising an excitation light source and
a detector, and wherein the distal end region of the elongate member is sized to be positioned
within a blood vessel and comprises a cavity disposed therein and a reflective surface, wherein
the cavity houses an indicator system comprising a fluorophore operably coupled to a glucose
binding moiety immobilized within a hydrogel configured to be permeable to glucose in the
blood vessel, such that upon excitation with an excitation light signal from the excitation light
source, the indicator system emits an emission light signal having an intensity related to a
blood glucose concentration, wherein the reflective surface is configured to reflect the emission
light signal and the excitation light signal through the optical device, and the cavity comprises a
design. The disposable fiber optic glucose sensor of claim 31, wherein the reflective surface is
a mirror.

[0021] In one embodiment, the hydrogel in the disposable fiber optic glucose sensor is
confined by a semi-permeable membrane that allows passage of glucose and blocks passage
of the binding moiety. Further, the design of the cavity in the disposable fiber optic glucose
sensor of claim can comprise a plurality of holes in the elongate member. In certain
embodiments, the plurality of holes are positioned perpendicular to a tangent along a length of
the elongate member, and wherein the plurality of holes are evenly spaced horizontally and
evenly rotated around the sides of the elongate member. The plurality of holes can also be
positioned at an angle to a tangent along a length of the elongate member, and wherein the
plurality of holes are evenly spaced horizontally and evenly rotated around the sides of the
elongate member.

[0022] In one embodiment, the design of the cavity in the disposable fiber optic glucose
sensor comprises a groove along a length of the elongate member. The groove can also
comprise a depth that extends to the center of the elongate member. In other embodiments,
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the groove spirals around the length of the elongate member. The design of the cavity can also
comprise a plurality of sections cut from the elongate member. The sections can form a
triangular wedge area that extends to the center of the elongate member, and the sections can
be evenly spaced horizontally and evenly rotated around the sides of the elongate member.

[0023] For purposes of this summary, certain 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.

BRIEF DESCRIPTION OF THE DRAWINGS

[0024] The foregoing and other features, aspects and advantages of the present invention are
described in detail below with reference to the drawings of various embodiments, which are
intended to illustrate and not to limit the invention. The drawings comprise the following figures
in which:

FIG. 1 illustrates an embodiment of a glucose measurement system comprising a mode-
stripping scrambler.

FIG. 1A illustrates an embodiment of a glucose measurement system comprising a mode
stripping scrambler with one reference light and one excitation light.

FIG. 1B illustrates a glucose sensor embodiment comprising a series of holes that form a
helical configuration.

FIG. 1C shows for example a glucose sensor embodiment comprising a series of holes drilled
or formed at an angle.

FIG. 1D is an embodiment of a glucose sensor comprising at least one spiral groove.

FIG. 1E depicts a glucose sensor embodiment comprising a series of triangular wedge cut-
outs.

FIG. 2A illustrates an embodiment of a glucose measurement system comprising a beam
splitter with three light sources transmitting light into the glucose sensor.

FIG. 2B depicts an embodiment of a glucose measurement system comprising a beam splitter
with two light sources transmitting light into the glucose sensor.

FIG. 2C is a glucose measurement system embodiment comprising a beam splitter with one
excitation light source and one reference light source transmitting light into the glucose sensor.

FIG. 3 illustrates an embodiment of a glucose measurement system comprising two excitation
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light sources and a microspectrometer and or spectrometer.

FIG. 3A is an embodiment of a glucose measurement system comprising two excitation light
sources and two detectors.

FIG. 3B illustrates a glucose measurement system embodiment comprising two excitation light
sources and two detectors and a beam splitter.

FIG. 4 depicts an embodiment of a glucose measurement system comprising one excitation
light source, a single exciter-dual emitter fluorophore system, and a microspectrometer and or
spectrometer.

FIG. 5 is an illustration depicting a glucose measurement system embodiment comprising one
excitation light source, two fluorophore systems, and a microspectrometer and or
spectrometer.

FIG. 5a is an illustration depicting a glucose measurement system embodiment comprising two
excitation light sources, two fluorophore systems, and a microspectrometer and or
spectrometer.

FIG. 5b is an illustration depicting a glucose measurement system embodiment comprising two
excitation light sources, two fluorophore systems, two detectors, and bifurcated fiber optic line.

FIG. 6 is an illustration depicting a glucose measurement system embodiment comprising two
excitation light sources, two fluorophore systems, two detectors, and a beam splitter.

FIG. 6a is an illustration depicting a glucose measurement system embodiment comprising two
excitation light sources wherein the fiber acts as a spatial filter.

FIG. 7 illustrates an embodiment of a glucose measurement system comprising a colored
optical fiber attached to the glucose sensor.

FIG. 8 depicts an embodiment of the Stern-Volmer quenching of HPTS-CysMA/3,3'-0BBV in
solution.

FIG. 9 illustrates the glucose response of HPTS-CysMA/3,3'-0BBV in solution.

FIG. 10 depicts the glucose response of HPTS-CysMA/3,3"-0BBV in hydrogel.

DETAILED DESCRIPTION

[0025] In certain embodiments, the optical glucose measurement system 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.,
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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.

[0026] The optical glucose measurement system measures, in certain embodiments, the
glucose concentrations intravascularly and in real-time through the use of such fluorophore-
qguencher 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 blood and 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. 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
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. 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.

[0027] Various non-glucose related factors can effect 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
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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 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.

[0028] 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 of
certain signals.

EXAMPLE 1

System without a beamsplitter and using a reference light that does not cause the
fluorophore to fluoresce

[0029] With reference to FIG. 1, the foregoing disclosure applies to certain embodiments
comprising at least three light sources. With reference to FIG. 1A, the foregoing disclosure
applies to certain embodiments comprising two light sources. In certain embodiments, the light
sources 101 are light-emitting diodes (LED's); however, other types of light sources may also
be employed. One of the light sources 101A can be a reference light (for example, red)
whereas the other two light sources (101B and 101C) are excitation lights having different
wavelengths (for example, blue1 and blue2). In certain embodiments, light is transmitted from
each of the light sources 101A-C through a optical module comprising a collimator lens 102A-
C, an interference filter 103A-C, and/or a focusing lens 104A-C. The light impinging on,
transmitting through or striking the interference filter 103 preferably falls within a certain degree
of collimation, in order for the interference filter 103 to optimally block light outside the desired
band spectrum. The collimator lens 102 can be an aspheric lens but other types of collimator
lens may also be employed. The interference filter can be replaced with other types of filters
for example wratten filters.

[0030] The interference filter 103 can block a portion of the spectrum of each light that is
transmitted from the light sources 101. In certain embodiments, the interference filter 103
blocks the portion of spectrum that overlaps with the emission wavelength generated from the
fluorophore systems. For example, if a system that employs a blue excitation light to produce a
green emission, then an interference filter is preferably used to narrow the band of blue
excitation, because the blue excitation light may comprise both blue and green light. An
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unfiltered excitation blue that comprises green light can produce inaccurate green emission
signal because the green light from the excitation light will add to the green emission signal of
the fluorophore to produce a green light of greater intensity.

[0031] The interference filter 103 can be a short pass filter that blocks all wavelengths beyond
a certain point. The interference filter 103 can be a band pass filter that only allows a particular
band of wavelengths to pass through the filter. In certain embodiments, the system 100
employs interference filters 102B and 102C that are band pass filters because, in certain
embodiments, the excitation lights 101B and 101C have similar wavelengths. The use of two
band pass filters can avoid frequency overlap between the two excitation lights, thereby
resulting in two excitation lights with two distinct bands.

[0032] The use of the interference filter 103 can avoid the wavelength overlap between the
excitation and emission wavelengths. In certain embodiments, the resulting light from the
interference filters 103A-C can be transmitted through a focusing lens 104A-C. The focusing
lens 104A-C directs the light into the respective optical fibers 105A-C. The optical fiber lines
105 may each comprise a single fiber or a bundle of fibers. The use of the fiber bundles can
reduce the amount of dead space when the fibers are joined to the single fiber 108. In certain
embodiments, each of the fiber optic lines 105 comprises a bundle of fibers that are bundled
together to form a fiber bundle 106. The fiber bundle 106 can be connected to a single fiber
optic line 108.

[0033] A measurement taken across the cross-section of fiber optic line 108 can show an
uneven distribution of light. For example, some areas of the fiber may be darker than other
areas of the fiber. In certain embodiments, a mode-mixing scrambler 109 is used to distribute
the light such that the light is transmitted more uniformly across the optical fiber. The mode-
mixing scrambler 109 can be configured to cause the light traveling down the fiber to lose the
higher mode light. In certain embodiments, higher mode light is light propagating with large
angles of incidence. In certain embodiments, higher mode light with an angle of incidence
greater than the critical angle will pass out of the optical fiber. The mode-mixing scrambler 109
can be a length of fiber that is curved around a particular radius to create an optical fiber with a
lower critical angle. Light transmitted through the mode-mixing scrambler 109 can result in a
low-mode light that tends to travel straighter in the fiber. The single optical fiber 108 can be
connected to another fiber optic line 110. The fiber optic line 110 may be a bundle of fibers or a
single fiber.

[0034] In this embodiment, the light sensitive module (or detector system) comprises two
detectors 112, 121. A portion of the light traveling through optical fiber 108 can be transmitted
through the fiber optic line 110 and can be measured using the light sensitive module (or
detector system) comprising a first detector 112. In certain embodiments, the signal produced
from the first detector 112 can be amplified by an amplifier 113. The amplified signal can be
converted from an analog signal to a digital signal by the analog-to-digital converter 114. In
certain embodiments, the digital signal is transmitted to a data processing device 124 for
storage and ratiometric processing. The data processing device 124 can be any data
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processing device of any type known in the art, for example, microprocessor, embedded
processor, multiprocessor, general purpose computer, special purpose processor,
computational devices, digital signal processor, microcontroller, programmable gate array or
any combinations thereof. In certain embodiments, the single optical fiber 108 is connected to
another fiber optic line 111. The fiber optic line 111 may be a bundle of fibers 115 or a single
fiber.

[0035] A portion of the light traveling through the fiber optic line 108 can be transmitted
through the fiber optic line 111 and into the glucose sensor 117. In certain embodiments, the
cross-section of line 111 comprises a bundle of fibers 115A placed around a larger single fiber
115B before connecting to glucose sensor 117 at a first end 117A. The glucose sensor 117 can
be an optical fiber. In certain embodiments, the glucose sensor has a mirror or reflective
surface 117B at a second end of the glucose sensor 117. The fluorophore system of the
glucose sensor can be embedded within, immobilized or otherwise associated with hydrogels
that reside within holes or cavities 116 in the optical fiber. The fluorophore system can emit a
fluorescent light when glucose is present and when the fluorophores are excited by an
excitation light 101B, 101C. In certain embodiments, the fluorophore system comprises a dual
exciter-single emitter dye (for example, a dye that produces a single emission peak in
response to two different excitation lights). Of course other fluorophore systems may be used,
including inter alia, single excitation-single emission, dual excitation-dual emission, and single
excitation-dual emission).

[0036] The emission intensity can be directly related to the glucose concentration (that is, the
greater the concentration of glucose, the stronger the intensity of light emitted by the
fluorophore system). In certain embodiments, the emission intensity is inversely related to the
glucose concentration (that is, the greater the concentration of glucose, the lower the intensity
of light emitted by the fluorophore system). A portion of the excitation and emission
wavelengths can be transmitted into the fiber optic line 118. The fiber optic line 118 may be a
single fiber line, as shown in cross-section 119, or a bundle of optical fibers (not shown). The
light transmitted through fiber optic line 118 can be filtered through an interference filter 120.
The interference filter 120 can block the excitation lights generated from the light sources 101B
and 101C.

[0037] The remaining light spectrum comprises emission wavelengths from the fluorophore
reporters and the reference light from the light source 101A. In certain embodiments, the
remaining light spectrum is measured using the light sensitive module (or detector system)
comprising a second detector 121. The signal produced by the second detector 121 can be
amplified by an amplifier 122. The amplified signal can be converted from an analog signal to a
digital signal by an analog-to-digital converter 123. In certain embodiments, the resulting digital
signal is transmitted to computer 124 for storage and ratiometric processing.

[0038] The optical glucose measurement system 100 can be configured to pulse light from the
light sources 101. For example, the system 100 may transmit light from the reference light
source 101A for one second, and then wait one second, and then transmit light from the first
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excitation light source 101B for one second, and then wait one second, and then transmit light
from the second excitation light source 101C for one second and then wait one second before
repeating this light pulsation pattern. In certain embodiments, the system 100 would
continuously repeat such a light pulsation pattern until the system 100 was turned off. The
pulse frequency and duration could vary greatly depending on the desired effect as will be
appreciated by one skilled in the art.

[0039] The ambient light can affect the intensity of the emission wavelengths. In certain
embodiments, the optical glucose measurement system 100 accounts for ambient light effects
by taking a first measurement of the light intensity in the system 100 when one of the light
sources 101 is on and then taking a second measurement of the light intensity in the system
when all the light sources 101 are off. The ambient light effect can be eliminated by subtracting
the second measurement from the first measurement.

[0040] The bending of the fiber optic lines affects the intensity of the emission wavelengths.
The bending of the fiber can create light loss from the fiber optic line. In certain embodiments,
the temperature changes affect the performance of the detectors and amplifiers of the system
100, thereby affecting the intensity of the emission wavelength that is detected. There can be
factors that affect emission wavelength intensity that do not relate to changes in glucose
concentration. To account for the fiber bending, the temperature changing, and other non-
glucose related effects on emission wavelength intensity, the system 100 is configured, in
certain embodiments, to employ ratiometric calculations to eliminate non-glucose related
intensity changes.

[0041] The second detector 121 can be configured to measure emission wavelength emitted
from the fluorophore system in the sensing cavities 116. In certain embodiments, the detector
121 measures the reference light generated from light source 101A. The fiber bending, the
temperature changing, and other non-glucose related factors can affect the intensity of the
reference light and the emission wavelength in the same way, thereby allowing ratiometric
calculations to eliminate non-glucose related effects on light intensity. The ratiometric
calculation employed can involve dividing the measured emission wavelength by the measured
reference light, where both measurements are taken at the second detector 121. The ratio of
the measured emission wavelength to the measured reference light can cross referenced with
a pre-determined function that correlates this ratio to the amount of glucose present. In certain
embodiments, the ratio of measured emission wavelength to measured reference light
changes only if the glucose concentration changes.

[0042] The reference light emitted from light source 101A can be affected by various factors in
the system 100, whereas, for example, the first excitation light emitted from light source 101B
is unaffected. The system 100 can account for such disparate changes between the reference
light and the excitation lights by periodically measuring these lights over time at the first
detector 112. In certain embodiments, a ratio is produced that compares the periodic
measurements with the first measurement of each light, for example, reference light at time
equals zero seconds divided by reference light at time equals one second. A similar ratio can
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be created for the excitation lights. For example, if the reference light ratio does not equal one
then a change occurred in the reference light that should be accounted for before determining
the glucose concentration. For example, if a change to the reference light was detected at the
first detector 112, then the reference light measured at the second detector 121 should be
adjusted to account for this change. For example, if the reference light measurement at the
first detector 112 increased then the reference light measured at the second detector 121 must
be decreased. In certain embodiments, the decrease is determined by multiplying the
measured reference light at the second detector 121 by the following, (reference light at
time=0/reference light at time=1), where the reference light measurements were taken from
the first detector 112. The same ratiometric calculations can be completed for the emission
wavelengths detected at the second detector 121 except that the first and second excitation
lights are measured instead of the reference light.

[0043] The emission signals and the reference signal can be affected by various factors such
that the percent change in all the signals is essentially the same. In certain embodiments these
changes can be corrected for by taking the ratio of the emission signal and the reference
signal after they are adjusted for changes over time as previously described. Examples of such
factors include but are not limited to fiber bending which can result in a loss of light from the
fiber.

[0044] In certain embodiments, the glucose sensing chemistry is immobilized within the
hydrogels in cavities 116. With reference to FIG. 1B, in certain embodiments, the glucose
sensor 117 is a solid optical fiber with a series holes drilled straight through the sides of the
optical fiber. The holes can be filled with the hydrogels 116. The series of holes that can be
drilled through the glucose sensor 117 are in some embodiments evenly spaced horizontally
and evenly rotated around the sides of the glucose sensor 117 to form a spiral or helical
configuration. The series of holes can also be drilled through the diameter of the glucose
sensor. With reference to FIG. 1C, in certain embodiments, the glucose sensor is a solid
optical fiber with a series of holes drilled through the sides of the fiber at an angle. The series
of holes drilled at an angle, which can be filled with hydrogel 116, are in some embodiments
evenly spaced horizontally and evenly rotated around the sides the glucose sensor 117. With
reference to FIG. ID, in certain embodiments, the optical fiber comprises a groove along the
length of the optical fiber, wherein the groove is filled with hydrogel 116. The depth of the
groove can extend to the center of the optical fiber. In certain embodiments, the groove spirals
around the optical fiber. The groove can configured to spiral around the optical fiber to
complete at least one rotation. In certain embodiments, the groove spirals around the optical
fiber to complete multiple rotations around the optical fiber.

[0045] With reference to FIG. IE, in certain embodiments, the glucose sensor 117 is a solid
optical fiber with triangular wedges cut from the fiber. The triangular wedge areas can be filled
with hyrdrogel 116. The triangular wedges cut-outs can be evenly spaced horizontally and
around the sides of the glucose sensor 117. In certain embodiments, all light traveling in the
glucose sensor 117 is transmitted through at least one hole or groove filled with hydrogel.



DK/EP 2989975 T3

[0046] The hyrdogels can be associated with a plurality of fluorophore systems. The
fluorophore systems can comprise a quencher with a glucose receptor site. When there is no
glucose present to bind with the glucose receptor, the quencher can prevent the fluorophore
system from emitting light when the dye is excited by an excitation light. In certain
embodiments, when there is glucose present to bind with the glucose receptor, the quencher
allows the fluorophore system to emit light when the dye is excited by an excitation light.

[0047] The emission produced by the fluorophore system can vary with the pH of the solution
(for example, blood), such that different excitation wavelengths (one exciting the acid form of
the fluorophore and the other the base form of the fluorophore) produce different emissions
signals . In preferred embodiments, the ratio of the emissions signal from the acid form of the
fluorophore over the emission signal from the base form of the fluorophore is related to the pH
level of the blood. An interference filter can be employed to ensure that the two excitation lights
are exciting only one form (the acid form or the base form) of the fluorophore.

EXAMPLE 2

System using a beamsplitter and a reference light source that does not cause the
fluorophor to fluoresce, for example, a red light source

[0048] With reference to FIG. 2A, in certain embodiments, the optical glucose measurement
system 100 measures glucose concentrations intravascularly and in real-time through the use
of fluorophores. In certain embodiments, the optical glucose measurement system 200
comprises at least three light sources as shown in FIG. 2A. The light sources 101 can be light-
emitting diodes; however, other types of light sources may also be employed. In certain
embodiments, one of the light sources 201A s a reference light (for example, red) whereas the
other two lights sources 201B, 201C are excitation lights having different wavelengths (for
example, bluel and blue2). The optical glucose measurement system 200 can be configured to
pulse light from the light sources 201 as described above with reference to FIG. 1.

[0049] In certain embodiments, light is transmitted from each of the light sources 201 through
an optical module comprising a collimator lens 202, an interference filter 203, and/or a focusing
lens 204. The resulting substantially collimated light can be transmitted through an interference
filter 203 that blocks a portion of the spectrum of each light. The inference filter 203 can block
the portion of spectrum that overlaps with the emission wavelengths generated from the
glucose sensing fluorophore systems 208, which correspond to the hydrogels 116 as described
above with reference to FIG. 1.

[0050] The resulting light from the interference filter 203 can be transmitted through a
focusing lens 204. The focusing lens 204 can be configured to direct the light into the fiber
optic lines 205. The fiber optic lines 205 may each comprise a single fiber or a bundle of fibers.
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The use of fiber bundles can reduce the amount of dead space when the fibers are joined to
the single fiber 206. In certain embodiments, each of the fiber optic lines 205 comprises a
bundle of fibers that are bundled together to form a fiber bundle 206. The fiber bundle 206 can
comprise a single optical fiber 210 surrounded by fiber optic lines 205. The fiber optic line 210
can comprise a bundle of fiber optic lines.

[0051] The fiber bundle 206 can be configured to connect to a first end of a glucose sensor
207. The glucose sensor 207 can comprise a single optical fiber 207A that further comprises a
hydrogel 208 as described above in reference to FIG. 1B, 1C, ID, and 1E. The glucose sensor
207 can comprise a mirror or a reflective surface 209 that is attached to a second end of the
glucose sensor 207. In certain embodiments, the hydrogel 208 comprises fluorophore systems
that emit a fluorescent light when glucose is present and when the dyes are excited by an
excitation light 201B, 201C. The fluorophore systems can comprise a single exciter-single
emitter dye. In certain embodiments, the fluorophore systems comprise a single exciter-dual
emitter dye. The fluorophore systems can comprise a dual exciter-single emitter dye. In certain
embodiments, the fluorophore systems comprise a dual exciter-dual emitter dye.

[0052] The excitation light can be configured to generate from the light sources 201B, 201C
and the reference light generated from the light source 201A are transmitted into the glucose
sensor. In certain embodiments, the excitation light excites the fluorophore systems when
glucose is present. The excitation light, the reference light and the emission light can be
reflected off the mirror or reflective surface 209 and into the fiber optic line 210. In certain
embodiments, the excitation light, the reference light and the emission light is transmitted into
the fiber optic line 210.

[0053] The light transmitted through optical fiber 210 can be transmitted through a collimator
lens 211. In certain embodiments, the resulting light is substantially collimated, and is
transmitted to a beam splitter 212. The beam splitter 212 can be configured to reflect
substantially all emission light and substantially all reference light, while transmitting
substantially all excitation light.

[0054] The beam splitter 212 can be an interference filter that can be designed to work at a
substantially forty-five degree angle. In certain embodiments, the beam splitter 212 is a glass
surface with a coating that will reflect light having a certain wavelength and allow all other light
to pass through the beam splitter 212. The beam splitter can be positioned at a substantially
forty-five degree angle relative the direction of the light traveling from the collimator lens 211.
In certain embodiments, the beam splitter 212 reflects all of the emission light and a portion of
the reference light. The beam splitter 212 can transmit or allow the excitation light and the
remaining portion of the reference light to pass through the beam splitter 212. The reference
light can have a spectral bandwidth. In certain embodiments, the beam splitter 212 divides the
reference spectral band light at a wavelength near the point where the reference light
experiences maximum amplitude in order to minimize intensity changes due to spectral shifts
in the reference light.
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[0055] In this embodiment, the light sensitive module (or detector system) comprises two
detectors 215A, 215B. The emission light and the portion of reference light that can be
reflected by the beam splitter 212 can be measured using the light sensitive module (or
detector system) comprising a first detector 215A. In certain embodiments, the signal produced
by detector 215A is amplified by amplifier 216A. The amplified signal can be converted from an
analog to a digital signal by an analog-to-digital converter 217A. The digital signal can be
transmitted to computer 218 for storage and ratiometric processing. In certain embodiments,
the excitation light and the portion of the reference light that is transmitted through the beam
splitter 212 is measured by a second detector 215B. The signal produced by detector 215B
can be amplified by amplifier 216B. In certain embodiments, the amplified signal is converted
from an analog to a digital signal by an analog-to-digital converter 217B. The digital signal is
transmitted to computer 218 for storage and ratiometric processing.

[0056] The optical glucose measurement system 200 can determine the glucose
concentration in the blood by taking the ratio of the emission light over the excitation light,
wherein the emission light is measured at the first detector 215 and the excitation light is
measured at the second detector 216. In certain embodiments, the ratio of the emission light to
the excitation light is cross referenced with a pre-determined function that correlates this ratio
to the glucose concentration in the blood. The ratio of the emission light to the excitation light is
known as the Glucose Ratio. The glucose ratio can, in certain embodiments, be 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. In certain embodiments, the ratio of emission
light over excitation light changes only if the glucose concentration changes.

[0057] The detectors 215, 216 and the amplifiers 215A, 216A can be affected by various
factors, such as temperature, that result in variances in the measured light intensity. These
variances created by the two detectors 215, 216 and two amplifiers 215A, 216A can be
eliminated or substantially eliminated by taking the ratio of the reference light measured at the
first detector 215 and the reference light measured at the second detector 216. In certain
embodiments, the foregoing ratio compares the differences between the first detector 215
system and the second detector system 216.

[0058] The optical glucose measurement system 200 can determine the ratio of the reference
light measured at the first detector 215 and the reference light measured at the second
detector 216 at time equals zero, and this ratio is used as a Reference Ratio to compare with
measurements taken at subsequent periods. In certain embodiments, a difference between the
reference ratio and subsequent ratios indicates that a change has occurred in one of the
detectors systems. For example, the foregoing ratio equals to 1/1 at time equals zero, whereas
the ratio equals to 1/10 at time equals one. In this example, the two ratios are not equal
because the second detector 216 has measured a signal that is ten times the signal that was
measured at time equals zero, therefore, to account for this disparity the inverse of the
foregoing ratio at time equals one, specifically the ratio of 10/1, is multiplied against the
Glucose Ratio.
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EXAMPLE 3

System with a beamsplitter but without a nonfluoresing (for example, red) reference
light source

[0059] With reference to FIG. 2B, certain embodiments comprise at least three light sources
201B, 201C, 201D (for example, blue1, blue2, and blue3). The first excitation light 201B and
the second excitation light 201C can be transmitted through collimator lenses 202B, 202C, and
interference filters 203B, 203C, and focusing lenses 204B, 204C. In certain embodiments, the
light from the light sources 201B, 201C are transmitted through fiber optic lines 205B, 205C,
wherein the fiber optic lines may comprise a single optical fiber or a bundle of fibers for the
reasons discussed above.

[0060] The fiber optic lines 205B, 205C can surround a fiber optic line 210, which is shown in
figure 206A. In certain embodiments, the fiber optic line 210 may comprise a single optical fiber
or a bundle of fiber optic lines. The fiber optic lines 205B, 205C, and 210 can connect to a first
end of a glucose sensor 207 wherein the excitation lights can shine through the hydrogels 208
thereby exciting the fluorophore systems immobilized in the hydrogels 208. In certain
embodiments, a mirror 209 is attached to a second end of the glucose sensor 207. The
emission light and the excitation light can be reflected off the mirror or reflective surface 209
and into fiber optic line 210. The light transmitted by fiber optic line 210 can be directed to
collimator lens 211. As described above with reference to FIG. 2A, in certain embodiments, the
light resulting from the collimator lens 211 strikes a beam splitter 212 that either reflects the
light or allows the light to pass through the beam splitter 212. As described above with
reference to FIG. 2A, the wavelengths are detected and measured. As described above with
reference to FIG. 2A, the ratio of the reflected light (the emission light) over the transmitted
light (the excitation light) can be related to glucose concentrations in the blood. In certain
embodiments, the foregoing ratio is known as the Glucose Ratio.

[0061] Similar to the embodiment described above with reference to FIG. 2A, the Glucose
Ratio can be adjusted by ratiometric calculations. As described in FIG. 2A above, the
embodiment depicted in FIG. 2B comprises a light sensitive module (or detector system)
comprising two detectors that may be affected by various factors in different ways. Therefore,
ratiometric calculations can be employed to eliminate non-glucose related light intensity
changes. In certain embodiments, a third light source 201D can be used to provide a reference
signal used in the ratiometric calculations.

[0062] The light generated by the light source 201D can be transmitted through a collimator
lens 202D. In certain embodiments, a focusing lens 204D focuses the resulting light from the
collimator lens 202D into a optical fiber 210 which transmits the light through collimator lens
211. The light generated by the light source 201D can comprise two colors of different
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wavelengths. The two colors can be the same as the excitation light and the emission
wavelength. For example, in a system where the excitation light is blue and the emission
wavelength is green, then light generated by the light source 201D is a blue light comprising
both blue and green light. In certain embodiments, the beam splitter 212 will reflect the green
light while allowing the blue to pass through the lens. The reflected green light can be
measured at detector 215A and the transmitted light is measured at detector 215B.

[0063] Ratiometric calculations can be performed by taking the ratio of the reflected light over
the transmitted light at time equals zero, wherein this ratio is used as a reference ratio. In
certain embodiments, the foregoing ratio is taken at subsequent times and compared to the
reference ratio. Where subsequent ratios do not equal the reference ratio, the inverse of the
subsequent ratio can be multiplied against the Glucose Ratio, as described above with
reference to FIG. 2A.

EXAMPLE 4

System where the beam splitter is replaced with a beam splitting polarizer

[0064] The systems described above may be augmented, in certain embodiments, by
substituting the beam splitter 212 as described above with a beam splitter that reflects s-
polarized light towards the first detector 215A in the light sensitive module while allowing p-
polarized light to pass through the beam splitter 212 and to the second detector 215B in the
light sensitive module. In certain embodiments, an interference filter is placed before the first
detector 212 that blocks all excitation light before transmitting the remaining light (emission
light and reference light) to first detector 215A. An interference filter can be placed before the
second detector 215B that blocks all emission light before transmitting the remaining light
(excitation light and reference light) to the second detector 215B. The disadvantage of this
system is that some of the emission and excitation signals are not being fully measured.

[0065] The systems described above, with reference to FIG. 2A, may be augmented to
include only two light sources 201A, 201B and the corresponding optical module comprising
collimator lenses, interference filters, and focusing lenses, as shown in FIG. 2C or to include
more than three light sources (figure not shown). The systems described above with reference
to FIG. 2A and 2B and 2C, in certain embodiments, can be augmented by partially coating the
mirror 209 with a paint that partially absorbs the reference light to compensate for the
saturation of reference light at the first detector 215A.

EXAMPLE 5

Describes ways to deal with large intensity differences between the various signals
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[0066] The systems described above with reference to FIG. 2A and 2B and 2C produce
relatively small amounts of emission light relative to the amount of excitation light. To
compensate for these disparate signal intensities, in certain embodiments, the amplifier gain
for the first amplifier 216A can be set higher than the amplifier gain for the second amplifier
216B6. In certain embodiments, the beam splitter 212 is configured to transmit more reference
light through the beam splitter in order to compensate for the high gain amplification at
amplifier 216. Instead of adjusting the beam splitter 212 as described above, an interference
filter can be employed to block a portion of the reference light transmitted to the first detector
215A in order to compensate for the high gain amplification at the amplifier 216A.

EXAMPLE 6

System using a spectrometer in place of a beam splitter

[0067] With reference to FIG. 3, certain embodiments comprise at least two light sources. In
certain embodiments, the light sources 301 generate excitation light that is transmitted through
a optical module comprising a collimator lens 302, an interference filter 303, and/or a focusing
lens 304. The resulting light from collimator lens 302 can be transmitted to interference filters
303. The resulting light from interference filters 303 can be focused by focusing lens 304 into
fiber optic lines 305. In certain embodiments, fiber optic lines may be a single fiber or a bundle
of fibers surrounding optical fiber 309. The fiber optic line 309 may be a single fiber or a bundle
of fibers. The fiber optic lines 305, 309 can be bundled together at junction 306 and are
connected at glucose sensor 307. As described above with reference to FIG. 3, the glucose
sensor 307 can comprise hydrogels 307A.

[0068] The emission light and the excitation lights can be transmitted from the glucose sensor
into the fiber optic line 309, as described above with reference to FIG. 2. In certain
embodiments, the fiber optic line 309 is connected to a light sensitive module comprising a
microspectrometer 310 that measures the entire spectrum of light in the glucose measurement
system 300. The ratio of emission light over the corresponding excitation light can be related to
the concentration of glucose as described above with reference to FIG. 2. As described above
with reference to FIG. 2, the ratio of the emissions light (for example, the acid form) produced
by the first excitation light over the emission light (for example, the base form) produced by the
second excitation light can be related to pH levels in the test solution, for example blood.

[0069] The microspectrometer can be the UV/VIS Microspectrometer Module manufactured
by Boehringer Ingelheim. Any microspectrometer can be used. Alternatively, the
microspectrometer could be substituted with other spectrometer, such as those manufactured
by Ocean Optic Inc.
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[0070] In certain embodiments described above, the ratiometric calculations require
measurements of various light intensities. These measurements can be determined by
measuring the peak amplitudes at a particular wavelength or wavelength band. These
measurements can be determined by calculating the area under the curve between two
particular wavelengths as for example with the output from a microspectrometer..

[0071] The use of a microspectrometer and/or spectrometer can allow the glucose
measurement system 300 to be easily changed when different fluorophore systems are
employed. For example, if the system 300 is manufactured with a fluorophore system that
emits a green emission wavelength and if later research and development shows that a
fluorophore system that emits a red emission wavelength is better at detecting glucose
concentrations, then in such a situation one would only need to replace the glucose sensor and
the software to perform the ratiometric calculations. In such an example, one would not need
to change interference filters or beam spilitters.

EXAMPLE 7

System without microspectrometer - uses a beam splitter or at least two fibers going
directly to the two detectors

[0072] The systems described above with reference to FIG. 3 can be augmented by
comprising a light sensitive module comprising two interference filters 312A, 312B and two
detectors 313A, 313B as shown in FIG. 3A. In certain embodiments, substantially half of the
emission light and half of the excitation light are transmitted from the glucose sensor into the
fiber optic line 309 and the remainder of the emission light and the excitation lights are
transmitted from the glucose sensor into the fiber optic line 309A. The interference filter 312A
can be configured to block the excitation lights and allow the emission light to pass to detector
313A where the emission light is measured. The signal produced by the detector 313A can be
amplified by the amplifier 314A and converted into a digital signal by analog-to-digital converter
315A and transmitted to computer 316. The interference filter 312B can be configured to block
the emission light and allow the excitation lights to pass to detector 313B where the excitation
light is measured. In certain embodiments, the signal produced by the detector 313B can be
amplified by the amplifier 314B and converted into a digital signal by analog-to-digital converter
315B and transmitted to computer 316. Similar to the above disclosure referring to FIG. 1,
ratiometric calculations can be employed to substantially eliminate or reduce non-glucose
related factors affecting the intensity of the measured emission light and measured excitation
light. In certain embodiments, the measured emission light is divided by the measured
excitation light, wherein such calculations substantially eliminate or reduce non-glucose related
factors affecting the intensity of the lights. Alternatively, the bifurcated fibers 309, 309A can be
substituted with a single fiber or fiber bundle 309 and a beam splitter 315, as illustrated for
example in FIG. 3B.
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EXAMPLE 8

System using a spectrometer in_conjunction with a single exciter and dual emitter
fluorophore

[0073] The systems described above with reference to FIG. 3 can be augmented by including
only one light source, and a fluorophore system that is a single exciter, dual emitter
fluorophore system. With reference to FIG. 4, in certain embodiments, the light generated by
the single light source 401 is transmitted through a optical module comprising a collimator lens
402, an interference filter 403, and/or a focusing lens 404 as described above. The resulting
light can be filtered through an interference filter 403. The resulting light can be focused by a
focusing lens 404 into a fiber optic line 405, which may be a single fiber or a bundle of fibers.
The fiber optic line 405 can surround a fiber optic line 410 as both fiber optic lines connect to
the first end of the glucose sensor 407. In certain embodiments, a mirror or reflective surface
409 is attached to the second end of the glucose sensor 407. The fiber optic line 410 may be a
single fiber or a bundle of fibers. The glucose sensor can comprise hydrogels that further
comprise a fluorophore system that produces two emission wavelengths, a first emission
wavelength and a second emission wavelength. In certain embodiments, the fluorophore
system is excited by the light generated by light source 401. In certain embodiments, the fiber
optic line 410 is connected to a light sensitive module comprising a microspectrometer 411 that
measures the entire spectrum of light in the glucose measurement system 400. Data from the
microspectrometer 411 can be transmitted to computer 412 for processing. The
microspectrometer 411 can allow system 400 to simultaneously measure the excitation light
intensity as well as both emission light intensities. Similar to the above disclosure referring to
FIG. 1, ratiometric calculations are employed to substantially eliminate or reduce non-glucose
related factors affecting the intensity of the measured emission light and measured excitation
light. The measured emission light can be divided by the measured excitation light, wherein
such calculations substantially eliminate or reduce non-glucose related factors affecting the
intensity of the lights.

[0074] The first emission wavelength can be related to the concentration of acid in the blood.
In certain embodiments, the second emission wavelength is related to the concentration of
base in the blood. The ratio of intensities of the first emission light over the second emission
light can be related to the pH level of the blood. As described above with reference to FIG. 2,
the ratio of the first emission light over the excitation light can be related to the glucose
concentration in the blood. As described above with reference to FIG. 2, the ratio of the second
emission light over the excitation light can be related to the glucose concentration in the blood.

EXAMPLE 9
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System using two fluorophores, one as a glucose and pH indicator the other as a
reference, in the same gel

[0075] The systems described above with reference to FIGS. 3, 3a, 3b, and 4 can be
augmented, as shown in FIGS. 5, 5a, 5b and 6 by immobilizing two fluorophore systems in the
hydrogels 509, 510, and by not attaching a mirror or other reflective surface at the second end
of the glucose sensor 508 (for example, mirror or reflective surface 511 in FIGS. 5, 5a, 5b, and
6 is not a feature in these foregoing embodiments). With reference to FIGS. 5, 5a, 5b, and 6 in
certain embodiments, a portion of the light that is transmitted into the glucose sensor 508 is
reflected back and into fiber 512. Another portion of the light that is transmitted into the glucose
sensor 508 can be transmitted through the glucose sensor 508 and into the blood stream. A
portion of the light that is transmitted into the blood stream can be reflected off of various
particles in the blood and back into the glucose sensor 508. Accordingly, the intensities of the
excitation and emission signals as well as the ratio of the excitation and emission signals are
varying over time in response to various parameters other than changes in glucose (for
example, varying degrees of excitation light re-entering the glucose sensor 508). In certain
embodiments, these changes are accounted for by using a reference light produced by a
second fluorophore system.

[0076] With reference to FIG. 5, in certain embodiments, for example where the first
fluorophore is a single exciter, dual emitter, the first fluorophore system produces a first and a
second emission light intensity in response to a first excitation light, that is related to glucose
and pH , as described above with reference to FIG. 4. With reference FIGS. 5a, 5b, and 6 in
certain embodiments, for example where the first fluorophore is a dual exciter, single emitter,
the first fluorophore system produces a first and second emission light intensity in response to
a first and second light, that is related to glucose and pH, as described above with reference to
FIGS.3, 3a, and 3b. The second fluorophore system can produce a third emission wavelength
that does not change with glucose concentration changes or pH level changes and it excites at
at least one of the same excitation wavelengths as the first fluorophore system. The third
emission wavelength can be used as a reference light. The ratio of the first emission light over
the reference light can produce a ratiometric corrected ratio that is related to glucose and is
independent of light source intensity changes, coupling efficiency and fiber bending. In certain
embodiments, the ratio of the second emission light over the reference light produces a
ratiometric corrected ratio that is related to glucose and is independent of light source intensity
changes, coupling efficiency and fiber bending. The ratio of these two ratios can be related to
the pH and is independent of the light source intensity, coupling efficiency, fiber bending, and
the concentration of the first fluorophore. In certain embodiments, the systems described
above with reference to FIGS. 5, 5a, 5b and 6 comprises a mirror 511 attached at the second
end of the glucose sensor 508.

EXAMPLE 10



DK/EP 2989975 T3

System where the use of the two fluorophore system above can be employed so as to
eliminate the need for holes in the fiber and a mirror

[0077] The systems described above with reference to FIGS. 5, 5a, 5b and 6 can be
augmented to exclude a mirror at the second end of the glucose sensor and the holes in the
sensor (509 and 510) and to include a tubular permeable membrane or some other means of
containing and attaching a uniform hydrogel mixture to the end of the fiber comprising two
fluorophore systems as described above with reference to FIGS. 5 5a, 5b and 6. In certain
embodiments, the tubular permeable membrane or container means resembles a receptacle
or pouch or sack for containing a uniform hydrogel mixture. Alternatively, the end of the
glucose sensor fiber 508 can also comprise a cavity or receptacle formed within the end of the
fiber, wherein the cavity or receptacle is configured to contain the hydrogel mixture.

EXAMPLE 11

System where the second fluorophore is not in the gel, but is coated on the mirror and
the mirror embedded into the end of the fiber. This allows the second fluorophore to be
sensitive to pH and other analytes (that is, a larger number of fluorophores to choose
from) since it is isolated from the blood by being embedded in the end of the fiber

[0078] With reference to FIGS. 5, 5a, 5b and 6, in certain embodiments the systems
described above are augmented to include a mirror 511 that is at least partially coated with a
second dye. The second dye can be a reference dye as described above with reference to
FIGS. 5, 5a, 5b, and 6. As previously described, the second dye is preferably not sensitive to
changes in glucose and pH levels in the blood when the second dye is immobilized in the
hyrdrogels that are exposed to the blood. To avoid exposing the second dye to the blood, in
certain embodiments, the mirror 511 is at least partially coated with a second dye and
embedded in the end of the fiber. In this embodiment the intrinsic insensitivity of the second
dye to glucose, pH or any other blood constituents is not required.

EXAMPLE 12

System as in EXAMPLE 11 but instead of a mirror coated with the reference fluorophore
the fluorophore is embedded into a second optical fiber which is attached to the end of

the first optical fiber
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[0079] The systems described above with reference to FIG. 5, 5a, 5b and 6 can be
augmented to include a second fiber. With reference to FIG. 7 for example, in certain
embodiments, the second fiber 610 is attached to the second end of the glucose sensor,
wherein the second fiber is embedded with a fluorophore. When light is shown through the
second fiber the fiber can be configured to emit a second emission wavelength. The second
fiber can be hydrophobic and as such the embedded fluorophore is not exposed to changes in
the blood, for example pH or glucose concentration. The embedded dye can be a reference
dye as described above with reference to FIGS. 5, 5a, 5b, and 6. In this embodiment, the
intrinsic insensitivity of the second dye to glucose, pH or any other blood constituents may not
be required.

EXAMPLE 15

System where the spectrometer is replaced with two beam splitter in series allowing the
separate detection of up to three different wavelength bands. For example with a single
exciter and dual emitter fluorophore both emission signals as well as the excitation
signal can be measured. With a two fluorophore system again both emission as well as

the excitation signal can be measured

[0080] The systems described above with reference to FIGS. 4, 5, and 7 may substitute the
microspectrometer or spectrometer with a beam splitter as described above with reference to
FIG. 2A and 2B. The systems described above with reference to FIGS. 4, 5, and 7 may
substitute the microspectrometer (or spectrometer) in the light sensitive module with two beam
splitters such that for example, a first beam splitter reflects excitation light to a first detector
and then a second beam splitter reflects emission wavelengths to a second detector, while
allowing all remaining wavelengths (for example, a second emission wavelength or reference
light) to pass through the two beam splitters and into a third detector. In certain embodiments,
ratiometric calculations would be employed as described above.

EXAMPLE 16

System where both the collimating and focusing lens can be eliminated by using the
spatial filtering characteristics of the optical fiber - specifically the numerical aperture -

to only allow light passing through the filter within a defined angle of incidence range
to enter the fiber

[0081] With reference to all of the foregoing systems described above, in certain
embodiments, the light transmitted from the light sources does not travel through an optical
module comprising a collimator lens, an interference filter, and a focusing lens before being
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transmitted through the glucose sensor. Instead, as shown in FIG. 6A for example, the optical
module comprises only the interference filters, 303A and 303B, which block the portion of
spectrum that overlaps with the emission wavelength, are disposed between the light source
and optical fibers. The collimator and focusing lenses are not used in this embodiment. In such
embodiments, the optical fiber itself is used as a spatial filter. The light source can attach to an
interference filter, which is attached to an optical fiber that acts as a spatial filter (as shown in
FIG. 6A). By selecting an optical fiber having a certain acceptance angle or a numerical
aperture, the optical fiber restricts the angle of light allowed to enter the optical fiber. The use
of the optical fiber as a spatial filter is advantageous for several reasons. There are fewer
pieces to assemble when using only the optical fiber as a spatial filter as oppose to using a
collimator lens, a focusing lens, and a housing to house these components. The use of the
optical fiber as a spatial filter is also less expensive than using a collimator lens, and a focusing
lens. The amount of light coupled into the fiber by using the optical fiber as a spatial filter is
substantially the same as the amount of light coupled into the fiber by using a collimator lens,
and a focusing lens.

[0082] With reference to all of the foregoing systems described above, in certain
embodiments, the interference filter may be replaced with other types of filters, for example,
wratten filters.

[0083] The indicator system (also referred to herein as a fluorophore 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.

Fluorophores

[0084] "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.

[0085] 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 arc resistant to photo-bleaching. They are
also preferably stable against photo-oxidation, hydrolysis and biodegradation.
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[0086] In some embodiments, the fluorophore may be a discrete compound.

[0087] 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 permeable to or in contact with
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-swcllable or dispersible in
water. In some embodiments, the polymeric dyes may also be cross-linked. In preferred
embodiments, the dye has a negative charge.

[0088] 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'-L'-Dye. L' is a hydrolytically
stable covalent linker that covalently connects the sensing moiety to the polymer or matrix.

Examples of L' include lower alkylene (e.g., C1-Cg alkylene), optionally terminated with or
interrupted by one or more divalent connecting groups selected from sulfonamide (-SO5NH--),
amide --(C=0O)N--, ester --(C=0)--O--, ether.--O--, sulfide --S--, sulfone (--SO»--), phenylene --
CgHgy--, urethane --NH(C=0)--O--, urea --NH(C=0O)NH--, thiourea --NH(C=8)-NH--, amide --
(C=0O)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.

[0089] In some embodiments, useful dyes include pyranine derivatives (e.g. hydroxypyrene

trisulfonamide derivatives and the like), which have the following formula:

i
R'—S
[

wherein R!, R2, R® are each -NHR? R? is -CHoCHo(-OCHsCHo-)X': wherein X! is -OH, -
OCH43COOH, -CONHo, -SO3H, -NHo, or OMe; and n is between about 70 and 10,000. In one

embodiment, the dyes may be bonded to a polymer through the sulfonamide functional
groups. In other embodiments, the dye may be one of the polymeric derivatives of
hydroxypyrene trisulfonic acid.
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[0090] In some embodiments, the fluorcscent dye may be 8-hydroxypyrene-1,3,6-trisulfonate

(HPTS). The counterions can be H* or any other cation. HPTS exhibits two excitation
wavelengths at around 450 nm and around 405 nm, which correspond to the absorption
wavelengths of the acid and its conjugate base. The shift in excitation wavelength is due to the
pH-dependent ionization of the hydroxyl group on HPTS. As the pH increases, HPTS shows an
increase in absorbance at about 450 nm, and a decrease in absorbance below about 420 nm.
The pH-dependent shift in the absorption maximum enables dual-excitation ratiometric
detection in the physiological range. This dye has a molecular weight of less than 500 daltons,
so it will not stay within the polymer matrix, but it can be used with an anion exclusion
membrane.

"
N p,s

{the Na" salt of HPTS—“pyranine™)

[0091] In another embodiment, the fluorescent dye may be polymers of 8-acetoxypyrene-
1,3,6-N, N',N"-tris-(methacrylpropylamidosulfonamide) (acetoxy-HPTS-MA):

[0092] It is noted that dyes such as acetoxy-HPTS-MA (above) having no anionic groups, may
not give very strong glucose response when operably coupled to a viologen quencher,
particularly a viologen quencher having only a single boronic acid moiety.

[0093] In another embodiment, the fluorescent dye may be 8-hydroxy-pyrene-1,3,6-N, N',N"-
tris-(carboxypropylsulfonamide) (HPTS-COy):
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[0094] In another embodiment, the fluorescent dye may be 8-hydroxy-pyrene-1,3,6-N, N',N"-
tris-(methoxypolyethoxyethyl (~125) sulfonamide) (HPTS-PEG):

Ciig

[0095] It is noted that dyes such as HPTS-PEG (above) having no anionic groups, may not
provide a very strong glucose response when operably coupled to a viologen quencher,
particularly a viologen quencher having only a single boronic acid moiety.

[0096] Representative dyes as discrete compounds are the tris adducts formed by reacting 8-
acetoxypyrene-1,3,6-trisulfonylchloride (HPTS-CI) with an amino acid, such as amino butyric
acid. Hydroxypyrene trisulfonamide dyes bonded to a polymer and bearing one or more
anionic groups are most preferred, such as copolymers of 8-hydroxypyrene-1-N-
(methacrylamidopropylsulfonamido)-N',N"-3,6-bis(carboxypropylsulfonamide) HPTS-CO>-MA

with HEMA, PEGMA, and the like.

[0097] In another embodiment, the fluorescent dye may be HPTS-TriCys-MA:

[0098] This dye may be used with a quencher comprising boronic acid, such as 3,3'-0BBV.

[0099] Of course, in some embodiments, substitutions other than Cys-MA on the HPTS core
are consistent with aspects of the present invention, as long as the substitutions are negatively
charged and have a polymerizable group. Either L or D stereocisomers of cysteine may be
used. In some embodiments, only one or two of the sulfonic acids may be substituted.

Likewise, in variations to HPTS-CysMA shown above, other counterions besides NBus* may be

used, including positively charged metals, e.g., Na*. In other variations, the sulfonic acid
groups may be replaced with e.g., phosphoric, carboxylic, etc. functional groups.

[0100] Another suitable dye is HPTS-LysMA, which is pictured below as follows:
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[0101] Other examples include soluble copolymers of 8-acetoxypyrene-1,3,6-N, N', N"-
tris(methacrylamidopropylsulfonamide) with HEMA, PEGMA, or other hydrophilic comonomers.
The phenolic substituent in the dye is protected during polymerization by a blocking group that
can be removed by hydrolysis after completion of polymerization. Such suitable blocking
groups, as for example, acetoxy, trifluoroacetoxy, and the like, are well known in the art.

[0102] Fluorescent dyes, including HPTS and its derivatives are known and many have been
used in analyte detection. See e.g., U.S. Pat. Nos. 6,653,141, 6,627,177, 5,512,246,
5,137,833, 6,800,451, 6,794,195, 6,804,544, 6,002,954, 6,319,540, 6,766,183, 5,503,770, and
5,763,238; and published U.S. Patent Application Nos. US 2006/0083688, US 2008/0188722,
and US 2008/027245.

[0103] The SNARF and SNAFL dyes from Molecular Probes may also be useful fluorophores
in accordance with aspects of the present invention. The structures of SNARF-1 and SNAFL-1
are shown below.

SNAFL-1

[0104] Additionally, a set of isomeric water-soluble fluorescent probes based on both the 6-
aminoquinolinium and boronic acid moieties which show spectral shifts and intensity changes
with pH, in a wavelength-ratiometric and colorimetric manner may be useful in accordance with
some embodiments of the present invention (See e.g., Badugu, R. et al. 2005 Talanta 65
(3):762-768; and Badugu, R. et al. 2005 Bioorg. Med. Chem. 13 (1):11 3-119).

[0105] Another example of a fluorescence dye that may be pH and saccharide sensitive is
tetrakis(4-sulfophenyl)porphine (TSPP)-shown below. TSPP may not work optimally in blood,
where the porphyrin ring may react with certain metal ions, like ferric, and become non-



DK/EP 2989975 T3

fluorescent.

(TSPP)

[0106] Additional examples of pH sensitive fluorescent indicators that may be useful for
simultaneous determination of pH and glucose in the sensor of the present invention are
described in US 2005/0233465 and US 2005/0090014.

Analyte Binding Moieties-Quenchers

[0107] 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 @ 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.

[0108] 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 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
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producing a detectable change in the fluorescent emission of the dye in the presence of the
analyte to be detected.

[0109] 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.

[0110] 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.

[0111] 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.

[0112] In other embodiments, the quencher may be covalently bonded to a second water-

insoluble polymer matrix M2, which can be represented by the structure M%-L2-Q. L2 is a linker
selected from the group consisting of a lower alkylene (e.g., C4-Cg alkylene), sulfonamide,

amide, quaternary ammonium, pyridinium, ester, ether, sulfide, sulfone, phenylene, urea,

thiourea, urethane, amine, and a combination thereof. The quencher may be linked to M2 at
one or two sites in some embodiments.

[0113] For the polymeric quencher precursors, multiple options are available for attaching the
boronic acid moiety and a reactive group which may be a polymerizable group or a coupling
group to two different nitrogens in the heteroaromatic centrally located group. These are:

1. a) a reactive group on a first aromatic moiety is attached to one nitrogen and a second
aromatic group containing at least one -B(OH)2 group is attached to the second
nitrogen;

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

3. ¢) one boronic acid group and a reactive group are attached to a first aromatic moiety
which first aromatic group is attached to one nitrogen, and a boronic acid group and a
reactive group are attached to a second aromatic moiety which is attached to the second
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nitrogen; and
4. d) one boronic acid is attached to each nitrogen and a reactive group is attached to the
heteroaromatic ring.

[0114] Preferred embodiments comprise two boronic acid moieties and one polymerizable
group or coupling group wherein the aromatic group is a benzyl substituent 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.

[0115] In some embodiments, the boronic acid substituted viologen as a discrete compound
useful for in vitro sensing may be represented by one of the following formulas:
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[0116] where n = 1-3, X is halogen, and Y! and Y2 are independently selected from phenyl
boronic acid (o- m- or p-isomers) and naphthyl boronic acid. In other embodiments, the
quencher may comprise a boronic acid group as a substituent on the heterocyclic ring of a
viologen.

[0117] A specific example used with TSPP is m-BBV:
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[0118] The quencher precursors suitable for making sensors may be selected from the
following:
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[0119] The quencher precursor 3,3'-0BBV may be used with HPTS-LysMA or HPTS-CysMA to
make hydrogels in accordance with preferred aspects of the invention.
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[0120] Preferred quenchers are prepared from precursors comprising viologens derived from
3,3'-dipyridyl substituted on the nitrogens with benzylboronic acid groups and at other positions
on the dipyridyl rings with a polymerizable group or a coupling group. Representative viologens
include:

"I

b / \
AN “Lﬂ
R/’_R

where L is L1 or L2 and is a linking group
Z is a reactive group; and

R' is --B(OH)5 in the ortho- meta- or para- positions on the benzyl ring and R" is H- ; or
optionally R" is a coupling group as is defined herein or a substituent specifically used to
modify the acidity of the boronic acid such as fluoro- or methoxy-

L is a divalent moiety that covalently connects the sensing moiety to a reactive group that is
used to bind the viologen to a polymer or matrix. Examples of L include those which are each
independently selected from a direct bond or, a lower alkylene having 1 to 8 carbon atoms,
optionally terminated with or interrupted by one or more divalent connecting groups selected
from sulfonamide (-SOoNH-), amide -(C=0)N-, ester -(C=0)-0-, ether -O-, sulfide -S-, sulfone
(-SO»-), phenylene -CgHgs-, urethane -NH(C=0)-O-, urea -NH(C=0O)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.

[0121] Z is either a polymerizable ethylenically unsaturated group selected from but not
limited to methacrylamido-, acrylamido-, methacryloyl-, acryloyl-, or styryl- or optionally Z is a
reactive functional group, capable of forming a covalent bond with a polymer or matrix. Such
groups include but are not limited to -Br, -OH, -SH, -CO3H, and -NHa.

[0122] Boronic acid substituted polyviologens are another class of preferred quenchers. The
term polyviologen includes: a discrete compound comprised of two or more viologens
covalently bonded together by a linking group, a polymer comprised of viologen repeat units in
the chain, a polymer with viologen groups pendant to the chain, a dendrimer comprised of
viologen units, preferably including viologen terminal groups, an oligomer comprised of
viologen units, preferably including viologen endgroups, and combinations thereof. Polymers in
which mono-viologen groups form a minor component are not included. The preferred
quenchers are water soluble or dispersible polymers, or crosslinked, hydrophilic polymers or
hydrogels sufficiently permeable to glucose to function as part of a sensor. Alternatively the
polyviologen boronic acid may be directly bonded to an inert substrate.



DK/EP 2989975 T3

[0123] A polyviologen quencher as a polymer comprised of viologen repeat units has the
formula:

B(OH), n

[0124] In another embodiment, the polyviologen boronic acid adducts are formed by
covalently linking two or more viologen/boronic acid intermediates. The bridging group is
typically a small divalent radical bonded to one nitrogen in each viologen, or to a carbon in the
aromatic ring of each viologen, or one bond may be to a ring carbon in one viologen and to a
nitrogen in the other. Two or more boronic acid groups are attached to the polyviologen.
Optionally, the polyviologen boronic acid adduct is substituted with a polymerizable group or
coupling group attached directly to the viologen or to the bridging group. Preferably the
polyviologen moiety includes only one such group. Preferably, the bridging group is selected to
enhance cooperative binding of the boronic acids to glucose.

[0125] The coupling moiety is a linking group as defined previously with the proviso that the
linking group is optionally further substituted with a boronic acid, a polymerizable group, an
additional coupling group, or is a segment in a polymer chain in which the viologen is a chain
unit, a pendant group, or any combination thereof.

[0126] Glucose-binding quenchers are known and many have been used in analyte detection.
See e.g., U.S. Pat. Nos. 6,653,141, 6,627,177 and published U.S. Patent Application Nos. US
2006/0083688, US 2008/0188722, and US 2008/027245.

Immobilizing Means-e.q.. Hydrogels

[0127] For embodiments that are to be used in vitro, the sensing components are used as
individual (discrete) components. The analyte, dye and quencher are mixed together in liquid
solution, the change in fluorescence intensity is measured, and the components are discarded.
Polymeric matrices which can be used to trap the components to prevent leaching need not be
present.

[0128] For in vivo applications, the sensor is used in a moving stream of physiological fluid
which contains one or more polyhydroxyl organic compounds or is implanted in tissue such as
muscle which contains said compounds. Therefore, it is preferred that none of the sensing
moieties escape from the sensor assembly. Thus, for use in vivo, the sensing components are
preferably part of an organic polymer sensing assembly. Soluble dyes and quenchers can be
confined by a semi-permeable membrane that allows passage of the analyte but blocks
passage of the sensing moieties. This can be realized by using as sensing moieties soluble
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molecules that are substantially larger than the analyte molecules (molecular weight of at least
twice that of the analyte or greater than 1000 preferably greater than 5000); and employing a
selective semipermeable membrane such as a dialysis or an ultrafiltration membrane with a
specific molecular weight cutoff between the two so that the sensing moieties are quantitatively
retained.

[0129] Preferably the sensing moieties are immobilized in an insoluble polymer matrix, which
is freely permeable to glucose. The polymer matrix is comprised of organic, inorganic or
combinations of polymers thereof. The matrix may be composed of biocompatible materials.
Alternatively, the matrix is coated with a second biocompatible polymer that is permeable to the
analytes of interest.

[0130] The function of the polymer matrix is to hold together and immobilize the fluorophore
and quencher moieties while at the same time allowing contact with the analyte, and binding of
the analyte to the boronic acid. To achieve this effect, the matrix must be insoluble in the
medium, and in close association with it by establishing a high surface area interface between
matrix and analyte solution. For example, an ultra-thin film or microporous support matrix is
used. Alternatively, the matrix is swellable in the analyte solution, e.g. a hydrogel matrix is used
for aqueous systems. In some instances, the sensing polymers are bonded to a surface such
as the surface of a light conduit, or impregnated in a microporous membrane. In all cases, the
matrix must not interfere with transport of the analyte to the binding sites so that equilibrium
can be established between the two phases. Techniques for preparing ultra-thin films,
microporous polymers, microporous sol-gels, and hydrogels are established in the art. All
useful matrices are defined as being analyte permeable.

[0131] Hydrogel polymers are used in some embodiments. The term, hydrogel, as used
herein refers to a polymer that swells substantially, but does not dissolve in water. Such
hydrogels may be linear, branched, or network polymers, or polyelectrolyte complexes, with
the proviso that they contain no soluble or leachable fractions. Typically, hydrogel networks are
prepared by a crosslinking step, which is performed on water-soluble polymers so that they
swell but do not dissolve in aqueous media. Alternatively, the hydrogel polymers are prepared
by copolymerizing a mixture of hydrophilic and crosslinking monomers to obtain a water
swellable network polymer. Such polymers are formed either by addition or condensation
polymerization, or by combination process. In these cases, the sensing moieties are
incorporated into the polymer by copolymerization using monomeric derivatives in combination
with network-forming monomers. Alternatively, reactive moieties are coupled to an already
prepared matrix using a post polymerization reaction. Said sensing moieties are units in the
polymer chain or pendant groups attached to the chain.

[0132] The hydrogels useful in this invention are also monolithic polymers, such as a single
network to which both dye and quencher are covalently bonded, or multi-component
hydrogels. Multi-component hydrogels include interpenetrating networks, polyelectrolyte
complexes, and various other blends of two or more polymers to obtain a water swellable
composite, which includes dispersions of a second polymer in a hydrogel matrix and
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alternating microlayer assemblies.

[0133] Monolithic hydrogels are typically formed by free radical copolymerization of a mixture
of hydrophilic monomers, including but not limited to HEMA, PEGMA, methacrylic acid,
hydroxyethyl acrylate, N-vinyl pyrrolidone, acrylamide, N,N'-dimethyl acrylamide, and the like;
ionic monomers include methacryloylaminopropyl trimethylammonium chloride, diallyl dimethyl
ammonium, chloride, vinyl benzyl trimethyl ammonium chloride, sodium sulfopropyl
methacrylate, and the like; crosslinkers include ethylene dimethacrylate, PEGDMA,
trimethylolpropane triacrylate, and the like. The ratios of monomers are chosen to optimize
network properties including permeability, swelling index, and gel strength using principles well
established in the art. In one embodiment, the dye moiety is derived from an ethylenically
unsaturated derivative of a dye molecule, such as 8-acetoxypyrene-1,3,6-N, N', N'-
tris(methacrylamidopropylsulfonamide), the quencher moiety is derived from an ethylenically
unsaturated viologen such as 4-N-(benzyl-3-boronic acid)-4'-N'-(benzyl-4ethenyl)-dipyridinium
dihalide (m-SBBV) and the matrix is made from HEMA and PEGDMA. The concentration of dye
is chosen to optimize emission intensity. The ratio of quencher to dye is adjusted to provide
sufficient quenching to produce the desired measurable signal.

[0134] In some embodiments, a monolithic hydrogel is formed by a condensation
polymerization. For example, acetoxy pyrene ftrisulfonyl chloride is reacted with an excess of
PEG diamine to obtain a tris-(amino PEG) adduct dissolved in the unreacted diamine. A
solution of excess trimesoyl chloride and an acid acceptor is reacted with 4-N-(benzyl-3-
boronic acid)-4'-N'-(2 hydroxyethyl) bipyridinium dihalide to obtain an acid chloride functional
ester of the viologen. The two reactive mixtures are brought into contact with each other and
allowed to react to form the hydrogel, e.g. by casting a thin film of one mixture and dipping it
into the other.

[0135] In other embodiments, multi-component hydrogels wherein the dye is incorporated in
one component and the quencher in another are preferred for making the sensor of this
invention. Further, these systems are optionally molecularly imprinted to enhance interaction
between components and to provide selectivity for glucose over other polyhydroxy analytes.
Preferably, the multicomponent system is an interpenetrating polymer network (IPN) or a semi-
interpenetrating polymer network (semi-IPN).

[0136] The IPN polymers are typically made by sequential polymerization. First, a network
comprising the quencher is formed. The network is then swollen with a mixture of monomers
including the dye monomer and a second polymerization is carried out to obtain the IPN
hydrogel.

[0137] The semi-IPN hydrogel is formed by dissolving a soluble polymer containing dye
moieties in a mixture of monomers including a quencher monomer and through complex
formation with the fluorophore. In some embodiments, the sensing moieties are immobilized by
an insoluble polymer matrix which is freely permeable to polyhydroxyl compounds. Additional
details on hydrogel systems have been disclosed in US Patent Publications Nos.
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US2004/0028612, and 2006/0083688.

[0138] The polymer matrix is comprised of organic, inorganic or combinations of polymers
thereof. The matrix may be composed of biocompatible materials. Alternatively, the matrix is
coated with a second biocompatible polymer that is permeable to the analytes of interest. The
function of the polymer matrix is to hold together and immobilize the fluorescent dye and
quencher moieties while at the same time allowing contact with the analytes (e.g., polyhydroxyl

compounds, H* and OH"), and binding of the polyhydroxyl compounds to the boronic acid.
Therefore, the matrix is insoluble in the medium and in close association with it by establishing
a high surface area interface between matrix and analyte solution. The matrix also does not
interfere with transport of the analyte to the binding sites so that equilibrium can be established
between the two phases. In one embodiment, an ultra-thin film or microporous support matrix
may be used. In another embodiment, the matrix that is swellable in the analyte solution (e.g. a
hydrogel matrix) can be used for aqueous systems. In some embodiments, the sensing
polymers are bonded to a surface such as the surface of a light conduit, or impregnated in a
microporous membrane. Techniques for preparing ultra-thin films, microporous polymers,
microporous sol-gels, and hydrogels have been established in the prior art.

[0139] In one preferred embodiment, the boronic acid substituted viologen may be covalently
bonded to a fluorescent dye. The adduct may be a polymerizable compound or a unit in a
polymer. One such adduct for example may be prepared by first forming an unsymmetrical
viologen from 4,4'-dipyridyl by attaching a benzyl-3-boronic acid group to one nitrogen and an
aminoethyl group to the other nitrogen atom. The viologen is condensed sequentially first with
8-acetoxy-pyrene-1,3,6-trisulfonyl chloride in a 1:1 mole ratio followed by reaction with excess
PEG diamine to obtain a prepolymer mixture. An acid acceptor is included in both steps to
scavange the byproduct acid. The prepolymer mixture is crosslinked by reaction with a
polyisocyanate to obtain a hydrogel. The product is treated with base to remove the acetoxy
blocking group. Incomplete reaction products and unreacted starting materials are leached out
of the hydrogel by exhaustive extraction with deionized water before further use. The product
is responsive to glucose when used as the sensing component as described herein.

[0140] Alternatively, such adducts are ethylenically unsaturated monomer derivatives. For
example, dimethyl bis-bromomethyl benzene boronate is reacted with excess 4,4'-dipyridyl to
form a half viologen adduct. After removing the excess dipyridyl, the adduct is further reacted
with an excess of bromoethylamine hydrochloride to form the bis-viologen adduct. This adduct
is coupled to a pyranine dye by reaction with the 8-acetoxypyrene-tris sulfonyl chloride in a 1:1
mole ratio in the presence of an acid acceptor followed by reaction with excess
aminopropylmethacrylamide. Finally, any residual amino groups may be reacted with
methacrylol chloride. After purification, the dye/viologen monomer may be copolymerized with
HEMA and PEGDMA to obtain a hydrogel.

[0141] Immobilizing means, e.g., hydrogels, are known and many have been used in analyte
detection. See e.g., U.S. Pat. Nos. 6,653,141, 6,627,177 and published U.S. Patent Application
Nos. US 2006/0083688, US 2008/0188722, and US 2008/027245.
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Solution Example

[0142] To a solution of HPTS-CysMA (1x10™° M in pH 7.4 PBS) was added increasing
amounts of 3,3'-0BBV (30 mM in MeOH) and the fluorescence emission measured after each
addition. FIG.8 gives the relative emission change (Stern-Volmer curve) upon addition of 3,3'-
oBBYV indicating the quenching of HPTS-CysMA with 3,3'-0BBV. The fluorimeter settings were
as follows: 1% attenuation, ex slit 8 nm, em slit 12 nm, 486 nm ex A, 537 nm em A.

[0143] HPTS-CysMA (1 x 10-5 M) and 3,3'-0BBV (3 x 10-3 M) were titrated with a stock
solution of glucose (31250 mg/dL) in pH 7.4 PBS and the fluorescence emission measured
after each addition of glucose The relative change upon addition of glucose is given in FIG. 9.

Hydrogel Example

[0144] HPTS-CysMA (2 mg), 3,3-0BBV (15 mg), N,N-dimethylacrylamide (400 mg), N,N-
methylenebisacrylamide (8 mg), HCI (10 yL of 1 M solution), and VA-044 (1 mg) were
dissolved in water and diluted to 1 mL in a volumetric flask. The solution was freeze-pump-
thawed (3 x), injected into a mold containing a 0.005" polyimide spacer and polymerized at 55
°C for 16 h. The resultant film was placed in pH 7.4 phosphate buffer and was tested in a flow
cell configuration with increasing amounts of glucose (0, 50, 100, 200, 400 mg/dL). The
relative fluorescence change upon addition of glucose is given in FIG. 10. The fluorimeter
settings were as follows: ex slit 8 nm, em slit 3.5 nm, 515 nm cutoff filter, 486 nm ex A, 532 nm
em A.

System Information

[0145] In certain embodiments, the examples, systems and methods set forth in the foregoing
disclosure may be embodied in part or in whole in software that is running on a computing
device. The functionality provided for in the components and modules of the computing device
may comprise one or more components and/or modules. For example, the computing device
may comprise multiple central processing units (CPUs) and a mass storage device, such as
may be implemented in an array of servers.

[0146] In general, the word "module,” as used herein (except where it is used in connection
with the optical and light sensitive modules described above), refers to logic embodied in
hardware or firmware, or to a collection of software instructions, possibly having entry and exit
points, written in a programming language, such as, for example, Java, C or C++. A software
module may be compiled and linked into an executable program, installed in a dynamic link
library, or may be written in an interpreted programming language such as, for example,
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BASIC, Perl, Lua, or Python. It will be appreciated that software modules may be callable from
other modules or from themselves, and/or may be invoked in response to detected events or
interrupts. Software instructions may be embedded in firmware, such as an EPROM. It will be
further appreciated that hardware modules may be comprised of connected logic units, such
as gates and flip-flops, and/or may be comprised of programmable units, such as
programmable gate arrays or processors. The modules described herein are preferably
implemented as software modules, but may be represented in hardware or firmware.
Generally, the modules described herein refer to logical modules that may be combined with
other modules or divided into sub-modules despite their physical organization or storage.

[0147] In certain embodiments, the computing device communicates with one or more
databases that store information, including credit data and/or non-credit data. This database or
databases may be implemented using a relational database, such as Sybase, Oracle,
CodeBase and Microsoft® SQL Server as well as other types of databases such as, for
example, a flat file database, an entity-relationship database, and object-oriented database,
and/or a record-based database.

[0148] In certain embodiments, the computing device is IBM, Macintosh, or Linux/Unix
compatible. In certain embodiments, the computing device comprises a server, a laptop
computer, a cell phone, a personal digital assistant, a kiosk, or an audio player, for example. In
certain embodiment, the computing device includes one or more CPUs, which may each
include microprocessors. The computing device may further include one or more memory
devices, such as random access memory (RAM) for temporary storage of information and read
only memory (ROM) for permanent storage of information, and one or more mass storage
devices, such as hard drives, diskettes, or optical media storage devices. In certain
embodiments, the modules of the computing are in communication via a standards based bus
system, such as bus systems using Peripheral Component Interconnect (PCI), Microchannel,
SCSI, Industrial Standard Architecture (ISA) and Extended ISA (EISA) architectures, for
example. In certain embodiments, components of the computing device communicate via a
network, such as a local area network that may be secured.

[0149] The computing is generally controlled and coordinated by operating system software,
such as the Unix, VxWorks, Windows 95, Windows 98, Windows NT, Windows 2000, Windows
XP, Windows Vista, Linux, SunOS, Solaris, PalmOS, Blackberry OS, or other compatible
operating systems or real-time operating systems. In other embodiments, the computing
device may be controlled by a proprietary operating system. Conventional operating systems
control and schedule computer processes for execution, perform memory management,
provide file system, networking, and /O services, and provide a user interface, such as a
graphical user interface ("GUI"), among other things.

[0150] The computing device may include one or more commonly available input/output (1/0O)
devices and interfaces, such as a keyboard, mouse, touchpad, microphone, and printer. Thus,
in certain embodiments the computing device may be controlled using the keyboard and
mouse input devices, while in another embodiment the user may provide voice commands to
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the computing device via a microphone. In certain embodiments, the I/O devices and
interfaces include one or more display device, such as a monitor, that allows the visual
presentation of data to a user. More particularly, a display device provides for the presentation
of GUIs, application software data, and multimedia presentations, for example. The computing
device may also include one or more multimedia devices, such as speakers, video cards,
graphics accelerators, and microphones, for example.

[0151] In certain embodiments, the I/O devices and interfaces provide a communication
interface to various external devices. For example, the computing device may be configured to
communicate with one or more networks, such as any combination of one or more LANS,
WANSs, a virtual private network (VPN), or the Internet, for example, via a wired, wireless, or
combination of wired and wireless, communication links. The network communicates with
various computing devices and/or other electronic devices via wired or wireless communication
links.

[0152] Although the foregoing invention has been described in terms of certain embodiments
and examples, other embodiments will be apparent to those of ordinary skill in the art from the
disclosure herein.
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PATENTKRAV

1. Optisk indretning til bestemmelse af blodglucosekoncentration, hvilken
indretning omfatter:

en excitationslyskilde (401), der udsender et excitationslyssignal,

en fiberoptisk sensor (407), som er dimensioneret til at blive anbragt i et
blodkar, idet sensoren er optisk koblet til excitationslyskilden (401) og omfatter et
indikatorsystem, der omfatter en fluorofor, som er operabelt koblet til en
glucosebindende gruppe, hvor indikatorsystemet efter absorption af mindst en del af
excitationslyssignalet udsender et farste emissionslyssignal med en forste
emissionsbglgelaengde og et andet emissionslyssignal med en anden
emissionsbglgelaengde; og

et mikrospektrometer (411), som er operabelt koblet til mindst den
fiberoptiske sensor (407);

kendetegnet ved, at:

mikrospektrometret (411) er konfigureret til samtidigt at male
excitationslysintensiteten samt begge emissionslysintensiteter;

hvor forholdet mellem den malte intensitet for det farste emissionslyssignal
og den malte excitationslysintensitet er forbundet med glucosekoncentration;
forholdet mellem den malte intensitet for det andet emissionslyssignal og den
méalte excitationslysintensitet er forbundet med glucosekoncentration; og

hvor forholdet mellem de malte intensiteter for det forste og det andet

emissionslyssignal ikke er fglsomt over for glucose og falsomt over for pH.

2. Optisk indretning ifglge krav 1, hvor data fra mikrospektrometret (411)
sendes til en computer (412) med henblik pa bearbejdning.

3. Optisk indretning ifelge krav 1, hvor fluoroforen er et fluorescerende
organisk farvestof.

4. Optisk indretning ifglge krav 3, hvor:
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den glucosebindende gruppe er et funktionaliseret borsyreviologen; og
indikatorsystemet omfatter en hydrogelmatrix.
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