25 FEB 2004 1 Ccul ar Anal )de Sensor An ophthalmc |ens conprising a
receptor noiety can be used to determ ne the ampunt of an anal yte 5 gFB 7004
ocular fluid which is accessible to light. The receptor noiety can bind
either a specific analyte or a detectably |abeled conpetitor noiety. The
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i mmune reactions, general irritation, and foreign body reactions.
the light that passes through the cornea. The level of glucose which Totates the plan of

polarized light in the aqueous humor of the patient is a function of the amount of radiation
detected. However, this sensor system is not necessarily specific or widely applicable to
detection of analytes other than glucose, because it does not exploit the use of biclogical
molecules which can detect giucose or other analytes in a body tissue or fluid sample.
Biological molecules, as is well known, can provide very specific and sensitive detection

reagents for particular analytes.

Schultz, U.S. Patent 4,344,438, discloses a system for monitoring low molecular weight
compounds in blood plasma by optical means, which involves a chamber which contains
specific receptor sites for the plasma constituent to be analyzed. This system is very
invasive, however, because it must be implanted within the blood stream using a hypo-
dermic needle. The system also inherently contains the risks of clotting around the device,
obstruction, and other adverse reactions, including immune reactions, general irritation, and
foreign body reactions.

Embodiments of the present invention overcome these disadvantages in the prior art by
employing an ophthalmic lens comprising a receptor moiety which comprises an



Enbodi ments of the present invention overcone these disadvantages in the
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humans. In addition, because ophthalmic lenses according to embodiments of the inven-

tion provide a way to detect analytes noninvasively, they provide distinct advantages over

more traditional forms of monitoring such levels. Ophthalmic lenses according to embodi-

ments of the invention also are useful for diagnostic purposes, for example to test for preg-

nancy (to detect B-HCG), to assess blood chemistry (electrolytes, Ca,PQ,4, magnesium,

bilirubin, atkaline phosphatase, lactate dehydrogenase, alanine aminotransferase, etc.), and

to detect infection {e.g., by detecting components of viruses such as CMV, EBV, hepatitis,

and HIV, or bacteria, such as Staphfococcus, Streptococcus, etc.). They also are useful for

monitoring blood levels of test compounds during the course of assessing the compounds

for use as potential therapeutics.

Ophthalmic lenses according to embodiments of the invention can be wom chronically to
provide repeated analyte measurements or can be womn for a single analyte measurement.
Both qualitative and quantitative measurements can be performed.



nonitoring blood | evels of test conpounds during the course of assessing
the conpounds for use as potential therapeutics. Ophthalmc |enses ?5FER 2004
according to enbodi nents of the invention can be womchronically to

provi de repeated anal yte neasurenents or can be womfor a single analyte
measurenent. Both qualitative and quangi-tative measurenents can be
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analyte to be detected, the receptor noiety preferably is concanavalin A
( Mansoulgg gniaf Mdldts - Bi o/ Tech 2, 385, 1984), although other noieties, such

The ophthalmic lens comprises a receptor moiety. The receptor moiety comprises a binding
site for the analyte to be detected. The binding site also binds a moiety which competes
with the analyte for binding and is therefore referred to herein as an “analyte/competitor
moiety binding site.” Binding of both the competitor moiety and the analyte to the analyte/-
competitor moiety binding site is reversible. The nature of the molecule used as the receptor
moiety depends on the particular analyte to be detected, but minimally includes that portion
of the molecule which is sufficient to contain an analyte/competitor moiety binding site.

For example, if glucose is the analyte to be detected, the receptor moiety preferably is
concanavalin A (Mansouri & Schultz, Bio/Tech 2, 385, 1984), although other moisties, such
as antibodies, boronic acid, a genetically engineered bacterial fluoriprotein, or glucose
oxidase also can be used. If phenylalanine is the analyte to be detected, the receptor
moiety preferably comprises the active site of phenylalanine hydroxylase. It is well within
the skill of those knowledgeable in the art to determine other analyte-receptor moiety
binding pairs, such as uric acid-uricase, alcohol-alcohol dehydrogenase, copper-
ceruloplasmin, galactose-galactokinasse, cysteine- and/or homocysteine-cystathionine
synthetase, acetyicholine-acetylcholinesterase, omithine-diamine oxidase, and the like.

Competitor Moisty
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copper for binding to ceruloplasmin), fluorescein- 2,3,6-tri-O-methyl galactose (which
competes with galactose for binding to galactokinase), fluorescein-S-adenosyt polyhomo-
cysteine (which competes with cysteine and homocysteine for binding to cystathionine
synthetase}, fluoropolyglutamyl prostigmine (which competes with acetyicholine for binding
to acetylcholinesterase), and fluorospermine (which competes with omithine for binding to
diamine oxidase).

Most preferably, the detectable label is more readily detectable when the competitor moiety
is not bound to the analyte/competitor molety binding site. Thus, fluorescent labels, such as
fluorescein, indocyanine green, malachite green, and rhodamine, which are quenched when
the competitor moiety is bound but are unquenched when the competitor moiety is not
bound, are preferred for use in ophthalmic lenses according to embodiments of the
invention.

Providing Receptor and Competitor Moieties in an Qphthalmic Lens
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anot her apddot8%®I ., t he opht haI mc lens conprises a polyner meshwork
containing pores. The pores are of a size which permt the conpetitor
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ana competltor moiety binding site, but which prevent the receptor moiety and the
competitor moiety from diffusing out of the ophthalmic lens. Suitable polymers for this
purpose are known in the art and include hydrogels, such as stable polymers of
polyethylene glycol hydrogel (PEGH) (March et al., 2000), and modified polyvinylalcohol,

such as nelfilcon A.

In another embodiment, the ophthalmic lens comprises a receptor moiety layer, a
polyelectrolyte layer, and a competitor moiety layer. The polyelectrolyte layer includes one
or more polyelectrolytes, which are generally high molecular weight polymers with multiple
ionic or ionizable functional groups. At least one polyelectrolyte in the polyelectrolyte layer
has a charge opposite to the overall charge of the receptor moiety and competitor moiety
layers. Suitable polyelectrolytes include positively charged PDDA (polydiallyldimethyl-
ammonium chloride) and negatively charged PAA (polyacrylic acid). Assembly of the layers
is based upon sequential adsorption of oppositely charged polyions. The sensor and
spacing polyelectrolytes are deposited as uniform thin films (1-10 nm) in 10-15 deposition
cycles onto the porous polyvinyl alcohol or hydrogen matrix, resulting in only a 100-500 nm
thick coating for the sensing film, which is highly biocompatible. A typical sequence for
construction of an ophthalmic lens suitable for glucose detection involves a deposition cycle
of ultrathin (1-10 nm) films of PDDA, PAA, PDDA, concanavalin A, PDDA, PAA, PDDA,
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a colonnetric the detector may
include a colorimeter; if the label is a fluorescent label, the detector may include a fluoro-

photometer. Construction of such devices is well known in the art. Light with wavelengths
which will excite the fluorescent label can be provided, for example, by a laser or a light
source, such as a light-emitting diode. A fluorophotometer suitable for use with embodi-
ments of the invention can be constructed using a light-emitting diode from Power Tech-
nology, Inc. (Littte Rock, AR) (see March et al., Diabetes Technol. & Ther. 2, 27-30, 2000).

The detector can be a free-standing device, a table-top device, or a hand-held device. For
convenience, the detector can be a miniaturized device and may be wom or carried as a
personal accessory, for example, mounted in the frame of a pair of eyeglasses, clipped to
an article of clothing, such as a shirt or sweater, hung around the neck, worn around the
wrist, or clipped to a belt or a key ring.

Using an ophthalmic lens in an analyte sensor system, as described above, embodiments
of the invention provides methods of measuring analyte concentration in an ocular fluid.
This measurement can, in tum, be manipulated to provide a measurement of the analyte’s
concentration in a body tissue or a fluid, such as blood or intraceliular fluid. The relationship
between glucose concentration in the aqueous humor and the blood, for example, is well
known. See Siillmann, in HANDBUCH DER PHYSIOLOGISCHEN CHEMIE, Vol. Il/a, p. 867 ff.,
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transm Eheebocﬁ:%nf 'r%\%i%% thg utséra wnl‘?rmhte appropriate amount of a regulator moiety, such as
insulin. Infusion pumps are well known in the art for delivering a selected medication to a
patient including humans and other animals in accordance with an administration schedule
which can be preselected or, in some instances, preprogrammed. Pumps for use in this
invention can be worn externally or can be directly implanted into the body of a mammal,
including a human, to deliver a specific medication such as insulin to the mammal in
controlled doses over an extended period of time. Such pumps are well known and are
described, for example, in U.S. Patents 5,957,890, 4,923,375, 4,573,994, and 3,731,681.
Medications which should optimally be maintained at a constant level, such as pheno-
barbitat, baclofen, theophylline, and cardiac and blood pressure medications, also can be
provided by means of an infusion pump.

Hlustrative embodiments

Hlustrative embodiments of the analyte sensor system according to embodiments of the
invention are shown in FIGS. 1 and 2. FIG. 1 is a schematic view of an analyte sensor
system employing a contact lens 1, a radiation detector 5, such as a fluorophotometer, and



a signal representing whether the detectable |abel is detected and/gij
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which can be detected and measured by a fluorophotometer 5, which is mounted together

punps

with the light-emitting diode 6 in the eyeglasses frame 7. A telemetry signal 10 is trans-
mitted to an infusion pump 11, which can provide a regulator moiety, such as insulin, to
maintain suitable levels of the analyte in the body. The telemetry signal 10 may be analog
or digital and may be transmitted via wire or cable, such as wire 60, or wirelessly, such as
via radio fre_quency or infrared transmission. Where the telemetry signal 10 is transmitted
wirelessly, the analyte sensor system may include antennas 50, 51, for such wireless
transmission. Antenna 50 may, if desired, be embedded within eyeglass frame 7. As shown
in FIG. 2C, the antennas 50, 51 may be coupled with a respective wireless transmitter 52
and wireless receiver 53. '

The telemetry signal 10 may include qualitative information as to whether or not the analyte
is detected by the radiation detector 5. For example, where the detected light 4 is at or
exceeds a predetermined threshold, the telemetry signal 10 may represent a “detected”
state (such as the existence of telemetry signal 10). Where the detected light 4 is below the
threshold, the telemetry signal 10 may represent a “not detected” state (such as the
absence of telemetry signal 10). Altematively, the telemetry signal 10 may indicate a
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i n anal y¢'€eR SRERT Pt AisPiRy| (¢ ?y signal 10 al so may provi de a warning
signal if the analyte concentration is above or below a preset range.

All patents and patent applications cited in this disclosure are expressly incorporated herein
by reference. The above disclosure generally describes the present invention. A more
complete understanding can be obtained by reference to the following specific examples
which are provided for purposes of illustration only and are not intended to limit the scope

of the invention.

EXAMPLE 1

Construction of an intraocular glucose sensor

A structurally stable polymer of polyethylene glycol hydrogel (PEGH, Shearwater Polymers,
Inc.) is used to construct an intraocular glucose sensor. PEGH is immobilized in an intra-
ocular lens (Alcon Laboratories, 6 mm circumference, 1 mm thickness). Chemically
immobilized pendant tetramethylrhodamine isothiocyanate concanavalin A (TRITC-ConA,
Sigmay) is incorporated into the PEGH as the receptor moiety and fluorescein isothiocyanate
dextran (FITC-dextran, Sigma) is incorporated as the competitor moiety by polymerization
under UV light, as described by Ballerstadt & Schultz, Anal. Chim. Acta 345, 203-12, 1997,
and Russell & Pishko, Anal. Chem. 71, 3126-32, 1999. While the FITC-dextran is bound to
the TRITC-ConA, the FITC fluorescence is quenched via a fluorescence resonance energy



Optionally, the telenetry signal 10 nmay include quantitative information as
to how nuch light 4 is detected by the radiation detector S. For i risi ok &)}
the telenetry signal 10 may be varied in anplitude and/or frequency
responsive to the amount of light 4 detected, where the anplitude and/or
frequency represents the anmount of light04. As anot her exanple, the
telenmetry signal 10 may include digital data representing the anmpbunt of
detected light 4. If the telenmetry signal 10 is analog, the telenetry
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transfer. Increased glucose concentration frees the FI TC dextran and
results in fluorescence which is proportional to glucose concentrati bhEB 2004
FIG 4 shows the relationship between fluorescence intensity of our
fluorescent intraocular Ilens at three glucose concentrations in vitro. A
linearly proportional relationship occurs between 0 and 500 ng% at 518 nm
which is the peak of fluorescein fluorascence. The peak at 575 nmis due
to the rhodam ne in the TRI TC- ConA. EXAMPLE 2 | nplantation of an

i ntraocul ar glucose sensor in vivo The intraocul ar | ens glucose sensor
described in EXAMME 1 is inplanted into the anterior chanmber of the eye

of a living New Zeal and rabbit with a bl ood glucose concentration of 112
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i npl antation, 25 FEB 2004 CLAI 1. @ ophthalmc lens for detecting an

anal yt 8 PPgHp M YGPT“@FB',“Qé’oﬁI}g??@P Qab “receptor noiety which conprises

an anal yte/ conpetitor noiety binding site, and a conpetitor noiety

conpri iq_ﬂ gﬁﬁ tectable |abel. 2. The ophthalmc lens of claim1, which is
sel ect €d P iGrenmotdaial L1whigh by seleiemhirapy the gsoup cansisting chacontast | ens,
a subcrAkWUeintridabulbfiRRs, 28GhAMUNIVATENE hd afNracdmedifen@Pht hal mi ¢ | ens
according to claiml or 2, wherein the analyte 1s selected fromthe group
consisting of an electrolyte, a netallic elenent, a pol ypeptide hornone, a
chroni ga et i I 1AL St i ion,
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Itgng’ m?arb%h@_the receptor noiety 1is covalently bound to the ophthalmc

Q

4. The ophthalmic lens according to any one of claims 1 to 3, wherein the ocular fluid is

selected from the group consisting of tears, aqueous humor, and interstitial fluid.

5. The ophthalmic lens according to any one of claims 1 to 4, wherein the receptor moiety

is covalently bound to the ophthalmic lens.

6. The ophthalmic lens according to any one of claims 1 to 5, which comprises a polymer
meshwbrk, wherein pores of the polymer meshwork (a) permit the competitor moiety to bind

" reversibly to the analyte/competitor moiety binding site and (b} prevent the receptor moiety
and the competitor moiety from diffusing out of the ophthalmic lens.

7. The ophthalmic lens according to any one of claims 1 to 6, which comprises:
a receptor moiety layer;

a polyelectrolyte layer; and

a competitor moiety layer.

8. The ophthalmic lens according to any one of claims 1 to 7, wherein the detectable label
is a fluorescent label.



6. The ophthalmc | ens according to any one of clains 1 to 5, which
conprises a polynmer neshwork, wherein pores of the polyner rresh\/\orkzéaf)EBmm*
permt the conpetitor noiety to bind reversibly to the anal yte/ conpetitor
noi ety binding site and (b) prevent the receptor noiety and the conpetitor
noiety fromdiffusing out of the ophthalmc lens. 7. The ophthalmc |ens
according to any one of clains 1 to 6,-1®hich conprises: a receptor noiety
| ayer, a polyelectrolyte layer; and - a conpetitor noiety layer. 8. The
opht hal,nd.c | according to any one of. cl ai to, 7, wherein the

dot ec: bl PRIBEARG B oFPpGIME By et Se55 TRes 'abuareets Godedn gont hal mi o
| ens agepardiung compalingene of clains 1 to 8 for detecting glucose in an
ocular fluid, conprising: a receptor noiety |ayer, wherein receptor
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conpr i séirdendsteadricepdlpdletisolyteayefhandpht hal nic lens of claim9, wherein the
receptgr Lety |layer conprises concanavalin nol ecuyles. .11. The
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conpr i s@apridel dosesbleilabaext ran nol ecul es. 12. An anal yte sensor system
conprising: (a) an ophthalmc lens (1) according to any one of clains 1 to
11; and (b) a detector (5) configured to detect the detectable | abel. 13.
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includes a fluorophotoneter. 14. The anal yte sensor system according to

cl ai m ggravdin 4 golegdtesconprising a transmitter

11. The ophthalmic lens of cfaim 9 or 10, wherein the competitor moiety layer comprises

fluorescein dextran molecules.

12. An analyte sensor system, comprising: ,
(a) an opﬁthalmic lens (1) according to any one of claims 1 to 11, and
(b) a detector (5) configured to detect the detectable label.

13. The analyte sensor system according to claim 12, wherein the detector (5) ihcludes a

fluorophotometer.

14. The anafyte sensor system according to claim 12 or 13, further comprising a transmitter
coupled to the detector (5) and configured to transmit to a pump (11) a signal (10) indicating
whether the detectable label is detected by the detector, wherein the pump is configured to
vary a concentration of the anailyte in a body fluid or tissue.

15. The analyte sensor according to claim 14, wherein the transmitter is contained in a

personal accessory.

16. The analyte sensor system according to claim 14 or 15, further comprising the pump

(11).



coupled to the detector (5) and configured to transmt to a punp (112 a
signal (10) indicating whether the detectable |abel is detected by 2hEEB 200i
detector, wherein the punp is configured to vary a concentration of the
analyte in a body fluid or tissue. 15. The anal yte sensor according to
claim 14, wherein the transmtter is contained in a personal accessory.

16. The anal yte sensor system accordi nd3to claim 14 or 15, further
conprising the punp (11). 25 FEB 2004 - 13 17. The anal yte sensor system
according to any one of clains 14 to 16, wherein the transmtter is
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anal yte sensor system according to any one of clainms 14 to 18, wherein the
punp {lllr) IS fn insulin pung. 20. The anal yte sensor system according to
cl ai m 1 TheAMBMIS FRRPY SYSI8M BEARHAS & &nY eﬂ%og‘iiﬁﬂ"fso‘r“ Getedtemin f1eReREe n an
ocul arisfglutble aRQMY bskHidds bREEPL or noi ety which conprises an

anal ytefconpetitor noiety binding site and a conpetitor noiety conprising
a detectable | abel, wherein the receptor noiety is concana- valin A and the

conpet j el Sy I 1.5, f [ n;
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t r ansnfit} srandosidingtintm t he detector and configured to transmt to an
insulin punp (11) a signal (10) indicating whether the detectable |abel is
detected by the detector, wherein the punp is configured to vary the

gl ucosz0. Ghearatytatergorispsiehoactordidg tol biainana) odmpristigsor system according to
claim (%?ém EB%@%EC?&?{& ?cirntgetécm%gigr[]usc%lsia ri]n QH 0 ulag&u]izi,'comprising:

a receptor moiety which comprises an analyte/competitor moiety binding site and a

competitor moiety comprising a detectable label, wherein the receptor moiety is concana-

valin A and the competitor moiety comprising a detectable label is fluorescein dextran;

(b) a detector (5) configured to detect the detectable label; and

{c) a transmitter coupled to the detector and configured to transmit to an insulin pump {11) a

signal (10) indicating whether the detectable label is detected by the detector, wherein the

pump is configured to vary the glucose concentration in blood.

21. The analyte sensor system according to claim 20, further comprising the insulin pump

(11).



