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COMPOSITIONS OF DIAGNOSTIC CONTACT LENSES AND USES THEREOF

BACKGROUND

Human diseases including cancer, diabetes, Alzheimer’s, cardiac failure, HIV and viral associated
conditions are usually accompanied with increases in the serum levels of disease-associated
proteins, metabolites and oligonucleotides. Early detection of these biomarkers can drive early
stage treatment, which can help to improve the outcome of a treatment. Early detection of cancer in
part through the application of biomarker-detection strategies has resulted in a dramatic increase in
cancer survival rate over the past 30 years. Early stage detection of cancer requires one to quantify
very low levels of a specific disease biomarker — biomarker-specific probes including antibody
conjugates of luminescence, colorimetric or fluorescence probes are commonly used to report on
the amount  of biomarker in a serum or biopsy sample. For example, HER-2/neu, a protein
released from breast cancer cells is an FDA-approved biomarker for early detection of breast
cancer - HER-2/neu is present in the blood of breast cancer patients at a fairly high concentration of
30 ng/mL, and is usually detected using a specific antibody conjugated with a fluorescent probes or
radioactive metal ion chelate or else indirectly using ELISA. A typical HER-2/neu assay use ~1 ml
of serum containing 30 ng of biomarker, which is readily detected by primary antibody conjugates
and fluorescence detection, or colorimetrically, using an ELISA format. There can be no doubt that
HER-2/neu and other cancer biomarkers also exist in tear-film, sweat and saliva although they are
present at much lower quantities compared to serum. Moreover, biomarker levels in these fluids
show much larger variation compared to serum. In principle, this problem can be overcome by
collecting a larger sample volume or by conducting multiple measurements of smaller volumes to
average out variations in the levels of biomarkers. Clearly, this is an impractical solution to
analyze biomarkers in tear-films and sweat samples. Consequently, the FDA has not approved any
protein biomarkers for cancer diagnosis that are present in tear-drops, sweat or saliva. The same
problem is fheed in detecting  -amyloid derived biomarkers associated with Alzheimer’s from
non-serum fluids. Thus, although many biomarker detection systems have sufficient sensitivity to
detect ultra-low levels of a protein biomarker, their application to cancer biomarker detection in
non-serum samples is limited owing to large variations in the amount of biomarker within
individual samples taken from the same patient, eg individual tear drops or sweat droplets may
vary in their biomarker content at different times of the day time of day, depending on the method
of collection and as a consequence of an unrelated health condition in the patient. Moreover, since
POC devices are designed to analyze very small volumes of serum or tear-drops {~ L}, it hecomes

difficult to analyze biomarkers that are present at a very low concentration.
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BRIEF SUMMARY OF THE INVENTION

This invention introduces a novel approach to overcome the serious limitations posed by
time-dependent variations in the sampling of non-serum samples /e the need to measure either large
volumes of tear drops, or to measure a target biomarker frequently in multiple tear drops over an
extended period of time. The new approach is based on a sensor platform where rare biomarker
molecules are trapped by an antibody on a contact lens where they accumulate over a period of
12-16 hours. The entrapment of soluble biomarkers present in tear films is realized by coupling
antibodies to the polymer backbone of a hydrophilic contact lens that bind with high affinity to
the biomarker. The accumulated biomarker is detected and quantified after removing the lens using
sensitive and rapid immuno-based image detection systems. The immuno-detection generated
readout of the target biomarker is recorded at different regions of the diagnostic contact lens using
a cell phone camera or dedicated imaging device, and analyzed using a software application that
quantifies the amount of known amounts of specific biomarkers. Furthermore, a single contact lens
can be fabricated to analyze a panel of reference and disease-associated biomarkers to improve the
diagnosis. The concentration of the targeted biomarker can be determined on the same contact lens
using a novel calibration system. By sampling a large volume of tear film over a long period of
wearage, the lens allows one to accumulate ay number of rare biomarkers in the patient that would
not necessarily be detected by sampling blood or single tear-droplets. The invention thereby affords
a less costly means of detecting disease-associated biomarkers in a patient, reduces the effect of
time-dependent concentration-fluctuations in biomarkers in tear films, and quantitative analysis of

reference and/or multiple biomarkers on the same lens.

Aspects of the present disclosure includes multiple regions on the skirt of the contact lens, each of
which is chemically bonded to a specific capture group that forms a tight, long-lived complex
with a biomarker whose level correlates with the presence of a diseased state. The capture groups
may take form of an antibody directed against such a biomarker, or a DNA or RNA
oligonucleotide whose sequence is complementary to serum localized, disease-associated DNA or
RNA. Other regions on the rim of the contact lens are covalently linked with capture groups
that serve as positive or negative controls to evaluate specific and non-specific binding of
proteins to the contact lens. Furthermore, the contact lens integrates a means to quantify the
amount of bound biomarker to the capture groups; in particular, by including controls for each
capture group biomarker pair in which the capture group covalently binds exact amounts of the

biomarker. These controls are used to calibrate the color generated by the detection of the
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patient’s biomarker to its actual concentration. In addition, we provide are methods and kits to
quantify the amount of captured biomarker(s) on the contact lens after a given period of usage by
the subject: the ELISA system may be integrated with an enzyme conjugated second antibody
against the captured biomarker that uses a specific chromogenic substrate for the enzyme to
generate a colored insoluble product in the hydrogel. This product may then be recorded by a cell

phone camera (or other such device) and analyzed using a software application.

In some embodiments, the capture group is composed of an antibody, engineered protein, DNA or

RNA that binds to a target biomarker.

In some embodiments, the same capture group is bonded to different regions on the contact lens to

improve the accuracy of the detection.

In some embodiments, capture groups that bind to a panel of biomarkers are chemically-bonded to

different regions of the contact lens.

In some embodiments, different amounts of the authentic biomarker are chemically bonded to
different regions on the contact lens where they are used to calibrate the color developed in the
contact lens from the ELISA reaction with the actual concentration of the biomarker in the

hydrogel.

In some embodiments, the bonding between the capture group and the target biomarker is detected

during actual usage of the contact lens.

Aspects of the present disclosure include a method of preparing multiple regions within a contact
lens that harbor specific functional groups that are used to covalently link the capture group. The
method involves the chemical bonding of antibodies against tumor marker and control and
calibration proteins to functional groups at specific regions of the contact lens. The site specific
coupling is brought about in one instance by chemical coupling of maleimide conjugated antibodies
to free thiol groups in these regions that are generated by the reaction of a slight excess of 4-ARM
thiol PEG with 4-ARM maleimido-PEG. Alternatively, the antibodies can be bonded to specific
sites on the contact lens by molecular imprinting, by addition methacrylate conjugates of the
antibody to a polymerizing mixture of HEPA or other standard methods for spatial defined coupling

of proteins to surfaces.
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In some embodiments, regions of the contact lens may include functional groups that include but

are not limited to amino, carboxyl, azide, alkyne, acrylate, hydroxyl, aldehyde or epoxide.

In some embodiments, the reactive group on the capture groups includes a NHS-ester, azide,

alkyne, epoxide, bromoacetyl or acrylate.

Aspects of the present disclosure include a method of creating multiple regions of the contact
lens, each with a specific capture group. The method includes the chemical bonding of specific
capture groups to functional groups at defined regions on the contact lens where the composition of
the capture group includes a reactive group that is used to form a covalent bond with the functional

group within specific regions of the contact lens.

Aspects of the present disclosure include a contact lens that allows for sensitive detection of

multiple bound biomarkers.

In some embodiments, the binding of a target biomarker to the immobilized capture antibody on
the contact lens is detected by visual means using a detection antibody that binds to a different site
on the biomarker and that is chemically coupled with a bright chromophore, fluorophore or

metallic nanoparticle immuno-detection.

In some embodiments, the detection of biomarker in the contact lens is based on a colorimetric,
chemi- or bioluminescence or fluorescence signal that is generated by the action of an
enzyme-coupled antibody on a substrate to produce an insoluble colored, bioluminescent or
fluorescent product at the biomarker capture site

In some embodiments, the detection of the bound biomarker at sites on the contact lens is based
on a change in the refractive index, SPR, fluorescence emission or light scattering associated with

the binding of a detection antibody that is coupled to a metallic nanoparticle probe.

In some embodiments, the detection of the bound biomarker at sites on the contact lens over the

period of wearage is based on a mass spectrophotometric measurement.

In some embodiments, the contact lens is coupled at specific sites with a ligand that can bind to

any protein that accumulate on the contact lens during the period of wearage to generate a contact
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lens proteome that is analyzed after given time periods by mass spectrophotometry.

In some embodiments, the detection of colorimetric indicator generated by the ELISA assay is
recorded on a cell phone or other image capture device and analyzed by a software comparing the
transmission of light through the regions of the contact lens that contain known amounts of

chemically bonded pure biomarker with those of the test regions.

Aspects of the present disclosure include a kit that includes a diagnostic contact lens composition
and a detection chamber configured to generate a photometric signal to quantify the amounts of
specific biomarkers that accumulate in each region of the lens during the usage period. The
diagnostic composition includes: 1) A contact lens vehicle where diagnostically effective capture
groups are bonded to specific regions on the contact lens skirt and are used to accumulate target
biomarkers during the usage period; 2) An immuno-detection system for visual detection of the
target biomarker on the lens comprising either a detection antibody directed against the biomarker
or to a second antibody bound to the biomarker on the lens that is chemically coupled with either a
bright colored probe or fluorescent probe or a gold or silver nanoparticle; 3) an ELISA-based
detection system where the detection antibody is chemically coupled with an enzyme that generates
an insoluble choromophore or fluorophore from a specific substrate that is deposited at the site of
biomarker capture; 4) the spectroscopic signals associated with the detection antibody and positive
control and reference biomarkers are recorded from one or more lens using a cell phone camera or
a dedicated image capture device and analyzed to provide quantitative measures of specific serum

biomarkers.

In some embodiments, the ELISA employs an antibody directed against the biomarker that is
chemically coupled to a phosphatase, glycosidase, luciferase, catalase, peroxidase or protease that
catalyzes the formation of an insoluble colored product or fluorescent product at the site of the

biomarker on the lens.

Before the present invention is further described, it is to be understood that this invention is not
limited to the particular embodiments. It is also to be understood that the terminology used in
describing particular embodiments is not intended to be limiting, as the scope of the invention will

only be limited by the appended claims.

BRIEF DESCRIPTION OF THE DRAWINGS
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Figure 1 illustrates the patterning of a contact lens with hydrogel regions that harbor functional
groups (amino, carboxy, thiol, azide or alkyne) that are used for the coupling of specific capture

groups within these regions

Figure 2 illustrates the patterning of a contact lens with specific capture groups within defined
hydrogel regions, where a reactive form of the capture group (maleimide, NHS-ester, epoxide) is

used to form a covalent bond with the complementary functional group on the hydrogel polymer.

Figure 3 illustrates a diagnostic contact lens to show regions of the lens that harbor specific
capture groups each of which can bind tightly and in long lived complex to a target biomarker that

is present in the tear film or from leakage from capillaries in the eyelid or eyeball.

Figure 4 illustrates the process for detecting and quantifying specific biomarkers on a single
contact lens, showing that after a period of wearage the lens is first washed and then incubated
with an antibody directed against a different epitope on the biomarker, that is chemically coupled
to either a bright chromophore, fluorophore or metallic nanoparticle that allows for visual
detection of the biomarker on the lens, or else the detection antibody is chemically coupled with
an enzyme such as a phosphatase that on treatment with a solution of a chromogenic or
fluorogenic substrate generates an insoluble colored or fluorescent product at the site of the
captured biomarker on the lens that is recorded on a cell phone camera or a modified imaging
device and the image analyzed using a software application that quantifies the transmission or
fluorescence signal from the lens and using a calibration function calculates the concentration of

the biomarker(s) and compares the value to that associated with a diseased state.

Figure 5 shows a cell phone image showing site specific covalent linking of an
MBS-conjugated antibody (Cy3-Goat anti rabbit IgGG) to a specific region of a hydrogel
composed of 4-ARM Thiol-PEG.

DETAILED DESCRIPTION AND BEST MODE OF IMPLEMENTATION

Aspects of the present disclosure include a contact lens composition that includes a contact lens,
which acts as a vehicle in providing defined regions on its rim (skirt) that harbor a functional

group that serves to covalently link a capture group that binds tightly to a specific biomarker

6
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present in the tear fluid. Also provided are methods and kits useful for sensitive and specific
detection of bound biomarkers in each region of the contact lens during or after a period of
wearage by the subject. Also provided are methods and software applications  that allow the
user to record using a cell phone, and to quantify the amount of a biomarker that accumulates in
cach region of the contact lens and to relate that level to those associated with the diseased state

including cancer, stroke, Alzheimer’s, diabetes.

The contact lens vehicle harbors a number of defined sites each of which is chemically bound to
an antibody, protein or non-protein capture group whose function is to bind tightly in long lived
complexes to their target biomarker that are present in the tear fluid during an extended period of
usage and to quantify the amount of each biomarker using a sensitive immune-detection approach
including the ELISA method that generates a colorimetric, fluorescence, SPR or bioluminescence
signal at the site of the captured biomarker that is recorded and quantified by the user using a cell

phone camera or related imaging device.

We have addressed this challenge through the design of a hydrogel based contact lens that is
patterned along its skirt with regions that harbor functional groups used to link covalently a
specific capture group, each of which binds specifically and in a long lived complex to a target
biomarker. Each region of the contact lens will bind to specific biomarkers that are present at a
low concentration in the tear film via their immobilized capture groups allowing for an
accumulation of the biomarker over a defined period of usage. The contact lens also harbors sites
that function as a positive and negative control and to calibrate the color generated in test regions
of the contact lens with the concentration of the target biomarker. The contact lens once removed
from the subject is placed in a container that performs wash steps, incubation with a second
capture group that bears either a detection probe, comprising chemically-coupled chromophores
or fluorophores or metallic nanoparticles including gold and silver, or else coupled to a covalently
bound enzyme followed by a subsequent wash step and incubation with a chromogenic or
fluorogenic substrate for the enzyme that generates a colored, insoluble fluorescent or
non-fluorescent product that precipitates at the site of enzyme action and is detected from either
its absorption of light at a specific wavelength or from fluorescence emission using a cell phone

camera or a purpose built detection device.

Aspects of the present disclosure include the design, synthesis and quantification of contact lens

harboring capture groups at specific sites on the skirt of the lens with demonstrations of proof of
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principle for the covalent linkage of capture groups at defined sites on the lens and their
application in detecting a validated cancer biomarker. The approach can be applied to a range of
diagnostic tests for biomarkers associated with human disease, such as but not limited to cancer,

Alzheimer’s, diabetes, stroke, and inflammation.

Aspects of the present disclosure include the design, synthesis and quantification of diagnostic
contact lens, with an example for the detection of a specific biomarker. The approach can be
applied to a range of biomarkers that are currently used to diagnose human diseases, such as but
not limited to cancer, diabetes stroke and inflammation. We also show that the diagnostic contact
lens can be used for quantitative, multiplexed analysis of disease biomarkers. For example, capture
groups for multiple biomarkers associated with a diseased state can be integrated within a single
lens that also includes regions that serve to calibrate the signal generated from the
immuno-detection system including ELISA with the actual amount of each biomarker. We have
demonstrated that biomarkers are bound tightly and in long lived complexes to capture groups in
cach region of the contact lens and that they react further with a second capture group that harbors
an enzyme that acts on a soluble fluorogenic substrate to form an insoluble product at the site of
catalysis that is recorded by either the change in absorption of specific wavelengths of light at the
site of precipitation, or else by recording the fluorescence emission of the precipitate colorimetric
signal by turning over a that is recorded and quantified using a cell phone camera and associated
software. Under this condition the sensitivity of the contact lens for a target biomarker is on the
order of 1 ng/ml. The contact lens can be adapted for multiple types of  capture group including
antibodies, DNA and RNA oligonucleotides and capture groups that integrate an enzyme whose

activity is activated upon binding to the target biomarker.

Diagnostic compositions. Aspects of the present disclosure include an example of a diagnostic
composition that includes a mock contact lens that harbors diagnostically effective agents, where
the diagnostically effective agent is chemically bonded to defined sites on the contact lens that,
over an extended period of usage (1-16 hours), bind tightly to low concentrations of target
biomarkers in the tear film. Also provided are methods and kits useful for the detection and

quantification of bound biomarkers on the contact lens.

In certain embodiments, the disclosed diagnostic compositions are useful for the detection or
monitoring of a disease or disorder, such as cancer, diabetes, stroke or Alzheimer’s. For example,

the present disclosure provides diagnostic compositions that include a diagnostically effective
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agent and a vehicle (e.g., a contact lens patterned with multiple capture groups for specific
biomarkers) of the present disclosure. “Diagnostically effective amount” refer to an amount of a

biomarker linked to a diseased state that is detected on the contact lens.

“Patient” refers to human and non-human subjects. The term “diagnosis” as used herein means
the quantification of a validated biomarker or biomarkers of a disease or medical condition in a
patient that includes: (a) detecting a disecased condition or monitoring the progression of that
condition; (b) monitoring the progress of a treatment for the disease or medical condition in a

patient.

In certain embodiments, the disclosed diagnostic compositions are useful for the evaluation of a
disease or disorder, such as cancer, diabetes, stroke and Alzheimer’s. For example, the present
disclosure provides diagnostic compositions that include a contact lens capable of detecting

validated biomarkers of the described diseased states.

Methods of diagnosis. The subject diagnostic compositions are useful in the detection or
evaluation of a therapy of a disease or disorder, such as cancer, diabetes, stroke or Alzheimer’s
disease, in a subject. Accordingly, the present disclosure provides methods of diagnosis
biomarkers associated with the disease in a subject by administering the subject diagnostic contact
lens composition. For example, the present disclosure provides a method of quantifying low levels

of biomarkers associated with a disease in a subject.

While the present invention has been described with reference to the specific embodiments thereof,
it should be understood by those skilled in the art that various changes may be made and
equivalents may be substituted without departing from the true spirit and scope of the invention.
In addition, many modifications may be made to adapt a particular situation, material,
composition of matter, process, process step or steps, to the objective, spirit and scope of the
present invention. All such modifications are intended to be within  the scope of the claims

appended hereto.
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1. A diagnostic composition comprising: immobilized capture groups; and a contact lens vehicle,
wherein the capture groups or the vehicle comprises an antibody or oligonucleotide sequence
harboring a reactive group that is used to form a chemical bond to a region on the contact lens that
harbors a complementary functional group.

2. The diagnostic composition of Claim 1, wherein the immobilized capture group comprises
diagnostically effective agent.

3. The diagnostic composition of Claims 1-2, wherein the vehicle comprises a region of the
contact lens harboring a functional group.

4. The diagnostic composition of Claims 1-3, wherein the capture group is an antibody,
oligonucleotide, aptamer, or non-protein moiety that binds to a specific biomarker.

5. The diagnostic composition of Claims 1-4, wherein the vehicle comprises a functionalized
hydrogel or polymer within a contact lens.

6. The diagnostic composition of Claims 1-5, wherein the capture group comprising an antibody
or aptamer or other biomolecule that recognizes the target biomarker is cross-linked to a specific
region on the contact lens.

7. The diagnostic composition of Claims 1-6, wherein the binding of a biomarker to the capture
antibody forms a tight and long-lived complex.

8. The diagnostic composition of Claim 1-7, wherein the biomarker bound to the capture antibody
is treated with a second antibody directed against a different site on the biomarker that is
chemically-coupled to an enzyme that generates a spectroscopic signal in the presence of a
chromogenic substrate or other spectroscopic probe.

9. The diagnostic composition of Claim 1-8, wherein the biomarker bound to the capture antibody
is treated with a second antibody that is directed against a different site on the biomarker and is
chemically-coupled to a bright chromophore or fluorescent probe, or to a gold or silver
nanoparticle that generates a spectroscopic signal at the biomarker site.

10. An ELISA-based diagnostic composition of Claim 1-9, wherein the biomarker bound to the
capture antibody is treated in the device with an antibody directed against a different site on the
biomarker and subsequently washed and treated with a second antibody directed against the first
antibody and is chemically-coupled to an enzyme that generates a spectroscopic signal in the
presence of a chromogenic substrate or other spectroscopic probe.

11. An immuno-label based diagnostic composition of Claim 1-7, wherein the biomarker bound to
the capture antibody is treated in the device with a second antibody directed against a different site
on the biomarker that after subsequent washing is treated with a detection antibody that is

chemically-coupled to a gold or silver nanoparticle that generates a spectroscopic signal to indicate

10
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the site and quantity of a specific biomarker.

12. The diagnostic composition of Claim 1-8 and 10, wherein enzyme linked to the second
antibody is a peroxidase, catalase, phosphatase, glycosidase, protease, or other hydrolytic enzyme.
13. The diagnostic composition of Claim 1-8 and 10, wherein disease biomarkers that
accumulate at specific sites on the diagnostic contact lens are identified by use of mass
spectrometry.

14. The diagnostic composition of Claim 1-8 and 10, wherein all proteins within the tear film
during a period of wearage are able to accumulate on the diagnostic contact lens by way of a
protein capture group and are identified by use of mass spectrometry.

15. A compound of claims 1-8 and 10 comprising a substrate, an example of which is the
ELF-87™ substrate, that is acted upon by the enzyme attached to the detection antibody, which is a
phosphatase in the case of the ELF-87 substrate, to generate an insoluble colored and fluorescent
product at the site of the captured biomarker in the contact lens.

16. The compound of Claim 9 and 11, wherein the antibody that binds to the biomarker bound to
specific sites on the device is detected by a biomarker-induced change in absorption, scattering or
surface plasmon resonance of a metallic nanoparticle.

17. A method of administering a diagnostically effective agent to a subject, the method
comprising: administering a diagnostic composition to a subject, the therapeutic composition
comprising of a contact lens harboring chemically bonded capture groups at defined functionalized
regions on the rim of the contact lens, wherein the capture group comprises an antibody,
oligonucleotide or non-protein group that binds tightly and in a long-lived complex to a specific
biomarker and that allows for the further binding of a second antibody to the captured biomarker
that is chemically-coupled to a bright chromophore, fluorescent probe gold or silver nanoparticle,
or else coupled to an enzyme that generates an insoluble product that is detected using a cell phone
camera and quantified using dedicated software.

18. The method of Claims 1-15, wherein the diagnostically effective agent comprises a capture
group.

19. The method of Claims 1-16, wherein the vehicle comprises a region on the contact lens that
reacts with a specific capture group.

20. The compound of Claims 1-17, wherein an insoluble colored or fluorescent product is
generated at the site of the captured biomarker.

21. The method of Claims 1-18, wherein the enzyme coupled to the detection antibody generates
a product whose color, fluorescence, or other spectroscopic signal can be detected using a

dedicated detection system or a cell phone camera and quantified using dedicated software.

11



WO 2017/114398 PCT/CN2016/112475

22. The methods of Claim 1-19, wherein the colored or fluorescent product generated from
regions of the contact lens with known amount of the biomarker is used to calibrate the signal
recorded from the product to a concentration or presence of the biomarker.

23. Akit comprising:

a diagnostic composition comprising: a capture group; and

a contact lens vehicle, wherein the capture groups not limited to antibodies directed against a
specific biomarker are covalently linked to defined regions of the contact lens and form tight and
long lived-complexes with specific biomarkers during the period of usage; and a detection antibody
that binds to a site on the captured biomarker and is chemically-coupled to either a bright
chromophore, fluorescent probe or metallic nanoparticle, or to an enzyme that catalyzes the
turnover of a chromogenic or fluorogenic substrate to an insoluble product that collects at the site
of the capture biomarker; and a dedicated detection system or cellphone camera and software
application that records the intensity of colors or fluorescence generated in different regions of the
diagnostic contact lens and returns a quantitative measure of the amount of a biomarker captured

within the contact lens during the period of usage.

12
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