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SYSTEMS AND METHODS FOR
LABEL-FREE DETECTION OF ANALYTES

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application 1s a Divisional Application of U.S.

application Ser. No. 15/280,212, filed Sep. 29, 2016, which
claims benefit of U.S. Provisional Application No. 62/284,

412, filed Sep. 29, 2015, which 1s hereby incorporated herein
by reference 1n 1ts entirety.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH

[0002] This invention was made with government support
under RO1GMO068120 awarded by The National Institutes of
Health. The government has certain rights in the invention.

BACKGROUND

[0003] A simple cancer biomarker assay can provide early
cancer detection and identification so that individualized
treatment strategies can be delivered to patients in a timely
manner. Such assays also have the potential to track pro-
gression, regression, and recurrence of the disease. When
considering the multitude of potential cancer biomarkers,
one area which has been largely overlooked i1s the low-
molecular weight (LMW) distribution of peptides and pro-
tein fragments which are present 1n blood, saliva and urine.
These LMW species (haptens) are either directly secreted or
are produced from the degradation of larger protein products
of cancer cells. LMW biomarkers have traditionally been
excluded from development due to the difliculty 1n detecting
these species 1 an easy and reliable manner. The standard
approaches used to date employ a competitive immunoassay
with the hapten immobilized on a solid-support and binding,
of the primary antibodies to the surface i1s 1n competition
with the analyte (e.g. free hapten) 1n solution. Detection 1s
typically achieved using an enzyme-linked immunosorbant
assay (ELISA) platform. Though this approach 1s the current
“g0ld standard” 1n clinical assays, competitive assays suller
from a limited dynamic range and poor detection limits. In
addition, the development of appropriate secondary antibod-
ies 1s also required and the method can also suffer from
“antibody interference”. The detection and quantification of
LMW cancer biomarkers in a label-free fashion using a
primary antibody capture assay would circumvent the limi-
tations of current competitive immunoassays and would
represent a significant advancement 1n the ability to rapidly
screen patients for potential cancers 1n a cost effective and
cilicient manner. BRIEF

SUMMARY

[0004] Disclosed are methods of detecting an analyte of
interest comprising introducing a sample comprising an
analyte of interest to an antibody or antibody fragment,
incubating the sample and antibody or antibody fragment
under conditions suflicient to allow binding of the analyte of
interest to the antibody or antibody fragment, and detecting
the binding of the analyte of interest to the antibody or
antibody fragment using a label-free second harmonic detec-
tion system.

[0005] Disclosed are methods of screening for analytes
that bind an antibody or antibody fragment comprising
introducing an analyte to an antibody or antibody fragment,
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and detecting the presence of the analyte bound to the
antibody or antibody fragment using a label-free second
harmonic detection system, wheremn the presence of the
analyte bound to the antibody or antibody fragment indicates
the analyte binds the antibody or antibody fragment.
[0006] Disclosed are methods of diagnosing cancer in a
subject comprising mntroducing a sample obtained from a
subject to an antibody or antibody fragment, detecting the
presence ol an analyte bound to the antibody or antibody
fragment using a label-free second harmonic detection sys-
tem, diagnosing the subject with cancer when the presence
of the analyte bound to the antibody or antibody fragment 1s
detected, and administering a therapeutically eflective
amount of an anti-cancer treatment to the diagnosed subject.
[0007] Additional advantages of the disclosed method and
compositions will be set forth in part in the description
which follows, and 1n part will be understood from the
description, or may be learned by practice of the disclosed
method and compositions. The advantages of the disclosed
method and compositions will be realized and attained by
means ol the elements and combinations particularly pointed
out 1n the appended claims. It 1s to be understood that both
the foregoing general description and the following detailed
description are exemplary and explanatory only and are not
restrictive of the invention as claimed.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] The accompanying drawings, which are incorpo-
rated 1n and constitute a part of thus specification, illustrate
several embodiments of the disclosed method and compo-
sitions and together with the description, serve to explain the
principles of the disclosed method and compositions.
[0009] FIGS. 1A-1D show the detection of cocaine bind-
ing via the label-free SH immunoassay and a control of
methadone binding to an anti-cocaine antibody as a control.
Second harmonic correlation spectroscopy (SHCS) analysis
of the same binding experiment. Both methods obtain the
same binding data with the SHCS method also providing the
association and dissociation rates 1n about ioth the time.
[0010] FIG. 2 1s a comparison of the LOD for Second
Harmonic (SH), Surface Plasmon Resonance (SPR), Fluo-
rescence and FEnzyme Linked ImmunoSorbent Assay
(ELISA).

[0011] FIG. 3A 1s a schematic of a SH heterodyning
method disclosed herein. FIG. 3B depicts SH data for an
untreated silica surface upon BSA adsorption and the SH
heterodyned response from a surface with a K'TP layer for
amplification 1n log scale.

[0012] FIG. 4 shows a list of candidate cancer biomarkers
for targeted proteomics.

[0013] FIG. 5A shows a schematic 1llustration of an exem-
plary IgG immobilization procedure, and FIG. 5B shows the
creation of exemplary antibody arrays using a Continuous
Flow Microspotter (CFM) as disclosed herein.

[0014] FIGS. 6A-6B show the detection of Cocaine and
Methadone 1n a primary antibody assay. FIG. 6 A shows the
molecular structures of cocaine and methadone (left) and the
corresponding extinction coeflicients (M-1 cm-1) as a func-
tion wavelength (nm) (right), and FIG. 6B 1s a schematic of
the 1mmobilization procedure used to link the primary
antibodies to the solid support.

[0015] FIGS. 7A-7B show the detection of Cocaine and
Methadone 1n a primary antibody assay. FIGS. 7A shows the
SH binding 1sotherms of cocaine and methadone to anti-
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cocaine antibody immobilized on the sensor surface, and
FIG. 7B 1s a schematic representation of the cocaine/anti-
cocaine antibody capture event, with the corresponding
Langmuir adsorption 1sotherm model used to fit the data
shown 1n FIG. 7TA

[0016] FIG. 8 shows the SH binding 1sotherms of cocaine
and methadone to anti-methadone antibody immobilized on
the sensor surface

[0017] FIGS. 9A-9B show the second harmonic correla-
tion spectroscopy (SHCS) of Cocaine and Methadone. FIG.
9A 1s the autocorrelation of cocaine binding to anti-cocaine
antibody measured using SHCS, and FIG. 9B 1s the auto-
correlation of methadone binding to anti-methadone anti-
body measured using SHCS. The corresponding association
(k,,,) and dissociation (k) rates and the measured attinity
constants (K ) obtained from the SHCS data are also dis-
played.

[0018] FIG. 10A depicts an exemplary second harmonic
detection system including a charge-coupled device detec-
tor. FIG. 10B depicts another exemplary second harmonic
detection system including a photomultiplier tube and a
processing assembly as disclosed herein. FIG. 10C sche-
matically depicts a counter-propagating second harmonic
generation configuration as further disclosed herein.

DETAILED DESCRIPTION

[0019] The disclosed method and compositions may be
understood more readily by reference to the following
detailed description of particular embodiments and the
Example included therein and to the Figures and their
previous and following description.

[0020] It 1s to be understood that the disclosed method and
compositions are not limited to specific synthetic methods,
specific analytical techniques, or to particular reagents
unless otherwise specified, and, as such, may vary. It 1s also
to be understood that the terminology used herein 1s for the
purpose of describing particular embodiments only and 1s
not intended to be limiting.

[0021] Daisclosed are materials, compositions, and com-
ponents that can be used for, can be used in conjunction
with, can be used 1n preparation for, or are products of the
disclosed method and compositions. These and other mate-
rials are disclosed herein, and 1t 1s understood that when
combinations, subsets, interactions, groups, etc. of these
materials are disclosed that while specific reference of each
various individual and collective combinations and permu-
tation of these compounds may not be explicitly disclosed,
cach 1s specifically contemplated and described herein. For
example, 11 an analyte of interest 1s disclosed and discussed.,
cach and every combination and permutation of an analyte
ol interest and the modifications that are possible are spe-
cifically contemplated unless specifically indicated to the
contrary. Thus, 1f a class of molecules A, B, and C are
disclosed as well as a class of molecules D, E, and F and an
example of a combination molecule, A-D 1s disclosed, then
even 1 each 1s not mndividually recited, each 1s individually
and collectively contemplated. Thus, 1s this example, each of
the combinations A-E, A-F, B-D, B-E, B-F, C-D, C-E, and
C-F are specifically contemplated and should be considered
disclosed from disclosure of A, B, and C; D, E, and F; and
the example combination A-D. Likewise, any subset or
combination of these 1s also specifically contemplated and
disclosed. Thus, for example, the sub-group of A-E, B-F, and
C-E are specifically contemplated and should be considered
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disclosed from disclosure of A, B, and C; D, E, and F; and
the example combination A-D. This concept applies to all
aspects of this application including, but not limited to, steps
in methods of making and using the disclosed compositions.
Thus, 1f there are a variety of additional steps that can be
performed 1t 1s understood that each of these additional steps
can be performed with any specific embodiment or combi-
nation of embodiments of the disclosed methods, and that
cach such combination 1s specifically contemplated and
should be considered disclosed.

A. Definitions

[0022] It 1s understood that the disclosed method and
compositions are not limited to the particular methodology,
protocols, and reagents described as these may vary. It 1s
also to be understood that the terminology used herein 1s for
the purpose of describing particular embodiments only, and
1s not mtended to limit the scope of the present invention
which will be limited only by the appended claims.

[0023] It must be noted that as used herein and in the
appended claims, the singular forms “a”, “an”, and “the”
include plural reference unless the context clearly dictates
otherwise. Thus, for example, reference to “a support layer”
includes a plurality of such support layers, reference to “the
support layer” 1s a reference to one or more support layers
and equivalents thereof known to those skilled in the art, and
so forth.

[0024] As used herein, the term “therapeutically effective
amount” means an amount of a therapeutic, prophylactic,
and/or diagnostic agent that 1s sutlicient, when administered
to a subject suflering from or susceptible to a disease,
disorder, and/or condition, to treat, alleviate, ameliorate,
relieve, alleviate symptoms of, prevent, delay onset of,
inhibit progression of, reduce severity of, and/or reduce
incidence of the disease, disorder, and/or condition, such as
but not limited to cancer. In some instances, a therapeuti-
cally eflective amount 1s an amount of a therapeutic that
provides a therapeutic benefit to an individual.

[0025] As used herein, the term “subject” or “patient™
refers to any organism to which a composition of this
invention may be administered, e.g., for experimental, diag-
nostic, and/or therapeutic purposes. Typical subjects include
ammals (e.g., mammals such as non-human primates and
humans; avians; domestic household or farm animals such
as cats, dogs, sheep, goats, cattle, horses and pigs; laboratory
amimals such as mice, rats and guinea pigs; rabbaits; fish;
reptiles; zoo and wild animals). Typically, “subjects™ are
ammals, including mammals such as humans and primates;

and the like.

[0026] ““‘Optional” or “optionally” means that the subse-
quently described event, circumstance, or material may or
may not occur or be present, and that the description
includes instances where the event, circumstance, or mate-
rial occurs or 1s present and 1nstances where 1t does not occur
or 1s not present.

[0027] Ranges may be expressed herein as from “about™
one particular value, and/or to “about” another particular
value. When such a range 1s expressed, also specifically
contemplated and considered disclosed 1s the range—-1rom
the one particular value and/or to the other particular value
unless the context specifically indicates otherwise. Simi-
larly, when values are expressed as approximations, by use
of the antecedent “about,” it will be understood that the
particular value forms another, specifically contemplated
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embodiment that should be considered disclosed unless the
context specifically indicates otherwise. It will be further
understood that the endpoints of each of the ranges are
significant both in relation to the other endpoint, and 1nde-
pendently of the other endpoint unless the context specifi-
cally indicates otherwise. Finally, 1t should be understood
that all of the individual values and sub-ranges of values
contained within an explicitly disclosed range are also
specifically contemplated and should be considered dis-
closed unless the context specifically indicates otherwise.
The foregoing applies regardless of whether 1n particular
cases some or all of these embodiments are explicitly
disclosed.

[0028] As used herein, the term “label-free” refers to a
system or method that 1s capable of providing information
regarding molecular interactions without the need for an
exogenous label.

[0029] As used herein, the term “analyte of interest” refers
to a substance whose chemical constituent 1s of interest 1n an
analytical procedure such as a procedure to identity or
measure the substance. An “analyte of interest” can be any
substance, including, but not limited to, a nucleic acid,
peptide, protein, antibody, or a small molecule.

[0030] Unless defined otherwise, all technical and scien-
tific terms used herein have the same meanings as com-
monly understood by one of skill in the art to which the
disclosed method and compositions belong. Although any
methods and materials similar or equivalent to those
described herein can be used 1n the practice or testing of the
present method and compositions, the particularly usetul
methods, devices, and materials are as described. Publica-
tions cited heremn and the material for which they are cited
are hereby specifically incorporated by reference. Nothing
herein 1s to be construed as an admission that the present
invention 1s not entitled to antedate such disclosure by virtue
of prior invention. No admission 1s made that any reference
constitutes prior art. The discussion of references states what
theirr authors assert, and applicants reserve the right to
challenge the accuracy and pertinency of the cited docu-
ments. It will be clearly understood that, although a number
of publications are referred to herein, such reference does
not constitute an admission that any of these documents
forms part of the common general knowledge in the art.
[0031] Throughout the description and claims of this
specification, the word “comprise” and variations of the
word, such as “comprising” and “comprises,” means
“including but not limited to,” and 1s not intended to
exclude, for example, other additives, components, integers
or steps. In particular, 1n methods stated as comprising one
or more steps or operations 1t 1s specifically contemplated
that each step comprises what 1s listed (unless that step
includes a limiting term such as “consisting of””), meaning
that each step 1s not intended to exclude, for example, other
additives, components, integers or steps that are not listed 1n
the step.

B. Detection Systems

[0032] Disclosed are systems for detecting an analyte of
interest using the methods described herein. Optionally, the
system can be a second harmonic detection system, such as,
for example, a label-free second harmonic detection system.
Exemplary configurations of a label-free second harmonic
detection system are disclosed herein. However, 1t 1s con-
templated that the disclosed methods can be performed
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using any configuration of an optical imaging system that 1s
capable of measuring and detecting second harmonic signals
as disclosed herein.

[0033] In exemplary aspects, and with reference to FIGS.
12A-12C, the label-free second harmonic detection system
can comprise a light source, such as a laser, that generates
incident light at a first frequency. Optionally, the laser can be
a Nd: YAG laser as 1s known 1n the art. In exemplary aspects,
it 1s contemplated that the laser can be a Nd:YAG pumped
optical parametric oscillator (OPO) laser as 1s known 1n the
art. In these aspects, it 1s further contemplated that the laser
can be tunable within a wavelength range of about 400 nm
to about 2,000 nm. In some aspects, 1t 1s contemplated that
the incident light produced by the laser can have a wave-
length ranging from about 200 nm to about 1,000 nm. Thus,
in exemplary aspects, the wavelength of the incident light
can range from about 200 nm to about 300 nm, from about
300 nm to about 400 nm, from about 400 nm to about 500
nm, from about 500 nm to about 600 nm, from about 600 nm
to about 700 nm, from about 700 nm to about 800 nm, from
about 800 nm to about 900 nm, or from about 900 nm to
about 1,000 nm. Optionally, 1n exemplary aspects, the
wavelength can be about 532 nm. It 1s further contemplated
that the optical parametric oscillator can be pumped with a
selected pulse width ranging from about 10 fs to about 10 ns
and at a selected repetition rate ranging from about 1 Hz to
about 1 MHz. It 1s contemplated that these parameters can
be selectively adjusted depending on system characteristics
and process conditions. In use, i1t 1s contemplated that the
laser can be pulsed 1n a manner such that the pulse width and
pulse energy associated with the resulting beam provide a
power density of least 100 kW/cm”.

[0034] Optionally, as shown 1n FIGS. 12A-12B, the sec-
ond harmonic detection system can comprise a telescope
assembly that receives a beam from the laser (optionally,
alter the beam has passed through at least one polarizer) and
selectively adjusts (optionally, reduces) a diameter of the
beam to a selected size (e.g., about 2 mm?).

[0035] In further aspects, the second harmonic detection
system can further comprise a substrate assembly for sup-
porting a sample. For example, in some aspects, the sub-
strate assembly can have a prism layer and a support layer
that supports the sample between the support layer and the
prism layer. In these aspects, 1t 1s contemplated that the
portion of the prism layer in contact with the sample can be
planar or substantially planar. In exemplary aspects, the
prism layer can comprise an optical material that 1s trans-
parent at both the excitation and second-harmonic wave-
lengths. Optionally, the prism layer can comprise silicon
oxide or fused silica; however, 1t 1s contemplated that other
types of prisms can be used. In exemplary aspects, 1t 1s
contemplated that the sample can be deposited on or other-
wise secured to the prism layer or the support layer using
conventional methods. For example, in these aspects, an
aqueous solution containing the analtye of interest can be
placed 1n direct contact with the prism layer through the use
of a flow-cell or similar device as 1s known 1n the art. In use,
the substrate assembly receives incident light at a first
frequency from the laser, and the incident light 1s reflected
at the iterface between the support layer and the sample.
Optionally, the laser can be configured to direct light to the
prism layer—and the prism layer can be oriented—such that
the mcident light 1s perpendicular or substantially perpen-
dicular to an outer surface of the prism layer where the
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incident light enters the prism. In exemplary aspects, the
incident light can be delivered to the prism layer at a selected
angle of incidence ranging from about 5 to about 85 degrees.
Optionally, 1n various aspects and as shown 1n FIG. 12C, 1t
1s contemplated that the support layer of the substrate
assembly can comprise a flow cell for performing spectro-
scopic measurements. In these aspects, the flow cell can be
provided within a TEFLON block or other suitable chemi-
cally-resistant material to which the prism layer 1s mounted.
Optionally, the tflow cell can be provided with at least one
port (optionally, two ports on opposing sides of the block) to
permit exchange of the cell volume. Optionally, 1n further
aspects, the flow cell can be provided with additional ports
for monitoring temperature and pH as needed. In exemplary
aspects, the tlow cell can be provided with at least one
window that allow for detection of light at the second
harmonic wavelength through the window. Optionally, such
a window can be positioned on an opposed side of the tlow
cell from the sample. Thus, 1n addition to detecting light at
the second harmonic wavelength that 1s reflected from the
top surface of the sample, 1t 1s contemplated that the
disclosed system can be configured to detect light at the
second harmonic wavelength that 1s transmitted through the
window. Optionally, the system can be configured to only
detect light at the second harmonic wavelength that is
transmitted through the window. Thus, it 1s contemplated
that any desired orientation of the substrate assembly can be
used.

[0036] Optionally, in additional aspects, the second har-
monic detection system can comprise a mirror, such as a
high-power dielectric mirror, that reflects light back toward
the sample (and the surface of the prism layer supporting the
sample) after incident light 1s reflected. As shown 1n FIG.
12C, the light reflected by the mirror can be provided at the
same wavelength as the incident light. In exemplary aspects,
the angle of incidence of the light reflected by the mirror
(toward the sample) can be equal to the angle of incidence
of the light provided by the first light source.

[0037] Alternatively, in other optional aspects, the system
does not include a mirror. In these aspects, 1t 1s contemplated
that the system can comprise a second light source that
delivers light at a frequency equal to the first frequency
(delivered by the first light source). In exemplary aspects,
the angle of incidence of the light provided by the second
light source can be equal to the angle of incidence of the
light provided by the first light source.

[0038] The second harmonic detection system can further
comprise a detection assembly that receives reflected light
from the substrate assembly after the incident light and the
light reflected by the mirror (or the light provided by a
second light source) contact the sample and cooperate to
generate a second harmonic signal. As disclosed herein, the
detection assembly can detect a second harmonic signal
corresponding to reflected light having a second frequency
equal to twice the first frequency. In exemplary aspects, the
detection assembly can comprise a monochromator or other
filtering element that 1s configured to remove scattered
fundamental light. In additional aspects, as shown in FIG.
12B, 1t 1s contemplated that the detection assembly can
comprise a photomultiplier tube (PMT) that detects a second
harmonic signal as further disclosed herein. Additionally or
alternatively, 1t 1s contemplated that the detection assembly
can comprise a charge-coupled device (CCD) detector that
1s configured to detect a second harmonic signal as further
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disclosed herein. In use, 1t 1s contemplated that the photo-
multiplier tube and CCD can be configured to detect light at
the second harmonic wavelength.

[0039] In further exemplary aspects, the second harmonic
detection system can comprise a processing assembly that
receives the second harmonic signal and determines a quan-
tity of an analyte of interest as further disclosed herein. In
these aspects, the processing assembly can be communica-
tively coupled (by wired or wireless connection) to the
detection assembly. Optionally, 1n exemplary aspects, the
processing assembly can comprise a gated integrator and
boxcar averager as are known 1n the art. Additionally, or
alternatively, the processing assembly can comprise a com-
puting device, such as a computer, a tablet, a smartphone, a
server, a network, a Cloud-based device, and the like, that 1s
communicatively coupled to the detection assembly. It 1s
contemplated that the computing device can have processing
circuitry that 1s coupled to a memory for accessing solftware
or data to assist with analysis of an analyte as disclosed
herein.

[0040] In further optional aspects, and as shown in FIG.
3 A, the detection assembly can comprise a sensor having a
first surface that receives retlected, second-harmonic light
from the substrate assembly. It 1s contemplated that the first
surface of the sensor can comprise any suitable material that
1s optically transparent at both the second harmonic and
excitation wavelengths. In these aspects, 1t 1s contemplated
that the first surface of the sensor can be optically hetero-
dyned to amplify the second harmonic signal. For example,
in one exemplary non-limiting configuration, the first sur-
face of the sensor can be covered with a non-linear optically-
active surface layer, such as for example and without limi-
tation, potassium titanyl phosphate (K'TP). Optionally, the
non-linear optically-active surface layer can be directly
deposited onto the first surface of the sensor. The non-linear
optically-active surface layer can be covered with a silicon
oxide sol-gel film to create a self-contained heterodyne
optical arrangement. It 1s contemplated that the surface
layers can be applied using a conventional sol-gel process as
1s known 1n the art. Alternatively, 1t 1s contemplated that the
non-linear optically-active surface layer can comprise a thin
crystalline material or other non-linear optically-active
material that 1s attached to the first surface using an adhesive
or bonding agent. In use, 1t 1s contemplated that the hetero-
dyned sensor can be configured to enhance the second
harmonic signal as further disclosed herein.

C. Methods of Detecting

[0041] Daisclosed are methods of detecting an analyte of
interest comprising introducing a sample comprising an
analyte of interest to an antibody or antibody fragment,
incubating the sample and antibody or antibody fragment
under conditions suilicient to allow binding of the analyte of
interest to the antibody or antibody fragment, and detecting
the binding of the analyte of interest to the antibody or
antibody fragment using a label-free second harmonic detec-
tion system.

[0042] In some instances, an analyte of interest can be a
protein, nucleic acid, small molecule, or fragment thereof. In
some 1nstances, the fragment thereof of any of the protein,
nucleic acid, or small molecule can comprise the binding site
for the disclosed antibody or antibody fragment. In some
instances, an analyte of interest can be a biomarker. For
example, an analyte of interest can be a cancer biomarker.
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For example, a cancer biomarker can be, but i1s not limited
to, BRCA1/BRCA2, CEA, EGFR, HER-2, PSA, S100,

BCR-ABL, CA-125, p33, or pl4ARF. In some 1nstances, an
analyte of interest 1s a low molecular weight protein or
fragment thereof. For example, low molecular weight pro-
teins can be, but are not limited to, cytokines, chemokines,
peptide hormones, or proteolytic fragments of larger pro-
teins.

[0043] In some instances, a sample can be a biological
sample. For example, a biological sample can be, but 1s not
limited to, blood, serum, urine, milk, cell lysate, tissue
lysate, plasma, tears, sweat, or ocular fluid. In some
istances, a sample can be derived from a food source,
wherein the sample can be used for detecting contaminants.

[0044] In some instances, an antibody or antibody frag-
ment 1s known to bind the analyte of interest. In some
instances, an antibody or antibody fragment can be 1mmo-
bilized on a support. For example, the support can be a solid
support. In some instances, a solid support can be a solid-
state substrate or support with which antibodies or antibody
fragments can be immobilized directly or indirectly. In some
instances the antibody fragment at least comprises the Fab
portion of a full length antibody. In some instances the
antibody fragment at least comprises the variable region of
a full length antibody.

[0045] Solid supports can include any solid material to
which antibodies or antibody fragments can be coupled. This
includes materials such as acrylamide, agarose, cellulose,
nitrocellulose, glass, polystyrene, polyethylene vinyl
acetate, polypropylene, polymethacrylate, polyethylene,
polyethylene oxide, polysilicates, polycarbonates, tetlon,
fluorocarbons, nylon, silicon rubber, polyanhydrides,
polyglycolic acid, polylactic acid, polyorthoesters, polypro-
pylfumerate, collagen, glycosaminoglycans, and polyamino
acids. Solid supports can have any useful form including
thin film, membrane, bottles, dishes, fibers, woven fibers,
shaped polymers, particles, beads, microparticles, or a com-
bination. Solid supports can be porous or non-porous. A
form for a solid-state substrate 1s a microtiter dish, such as
a standard 96-well type.

[0046] Methods for immobilizing antibodies (and other
proteins) to solid supports are well established. Immobili-
zation can be accomplished by attachment, for example, to
aminated surfaces, carboxylated surfaces or hydroxylated
surfaces using standard 1mmobilization chemistries.
Examples of attachment agents are cyanogen bromide, suc-
cinimide, aldehydes, tosyl chloride, avidin-biotin, photo-
crosslinkable agents, epoxides and maleimides. A preferred
attachment agent 1s the heterobifunctional cross-linker N-[y-
Maleimidobutyryloxy] succinimide ester (GMBS). These
and other attachment agents, as well as methods for their use
in attachment, are described in Protein immobilization:
fundamentals and applications, Richard F. Taylor, ed. (M.
Dekker, New York, 1991);, Johnstone and Thorpe, Immu-
nochemistry In Practice (Blackwell Scientific Publications,
Oxiord, England, 1987) pages 209-216 and 241-242, and
Immobilized Afhnity Ligands; Craig T. Hermanson et al.,
eds. (Academic Press, New York, 1992) which are mcorpo-
rated by reference 1n their entirety for methods of attaching
antibodies to a solid support. Antibodies can be attached to
a support by chemically cross-linking a free amino group on
the antibody to reactive side groups present within the solid
support. For example, antibodies may be chemically cross-
linked to a support that contains free amino, carboxyl, or
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sulfur groups using glutaraldehyde, carbodimides, or
GMBS, respectively, as cross-linker agents. In this method,
aqueous solutions containing free antibodies are incubated
with the solid support 1n the presence of glutaraldehyde or
carbodiimide.

[0047] A method for attaching antibodies or other proteins
to a solid support 1s to functionalize the support with an
amino- or thiol-silane, and then to activate the functional-
ized support with a homobifunctional cross-linker agent
such as (Bis-sulfo-succinimidyl suberate (BS3) or a hetero-
bifunctional cross-linker agent such as GMBS. For cross-
linking with GMBS, glass supports are chemically function-
alized by Immersing n a solution of
mercaptopropyltrimethoxysilane (1% vol/vol 1n 95% etha-
nol pH 5.5) for 1 hour, rinsing 1 95% ethanol and heating
at 120° C. for 4 hrs. Thiol-derivatized slides are activated by
immersing i a 0.5 mg/ml solution of GMBS 1n 1% dim-
cthylformamide, 99% ethanol for 1 hour at room tempera-
ture. Antibodies or proteins are added directly to the acti-
vated support, which are then blocked with solutions
containing agents such as 2% bovine serum albumin, and

air-dried. Other standard immobilization chemistries are
known by those of skill in the art.

[0048] Disclosed are methods of detecting an analyte of
interest comprising introducing a sample comprising an
analyte of interest to an antibody or antibody fragment,
incubating the sample and antibody or antibody fragment
under conditions suflicient to allow binding of the analyte of
interest to the antibody or antibody fragment, and detecting
the binding of the analyte of interest to the antibody or
antibody fragment using a label-free second harmonic detec-
tion system, wherein the concentration of the analyte in the
sample 1s sub-femtomolar. In some instances, the concen-
tration of the analyte in the sample can be sub-micromolar,
sub-nanomolar, sub-picomolar, or sub-femtomolar. In some
instances, the concentration of the analyte of interest in the
sample can be micromolar to sub-femtomolar.

[0049] Disclosed are methods of detecting an analyte of
interest comprising introducing a sample comprising an
analyte of interest to an antibody or antibody fragment,
incubating the sample and antibody or antibody fragment
under conditions suflicient to allow binding of the analyte of
interest to the antibody or antibody fragment, and detecting
the binding of the analyte of interest to the antibody or
antibody fragment using a label-free second harmonic detec-
tion system, further comprising a step of washing away any
unbound analyte prior to detecting the binding of the analyte
ol interest.

[0050] In some aspects, the disclosed composition and
methods can be used 1n drug screening of a subject. For
example, antibodies or antibody fragments capable of bind-
ing to a drug or drug metabolite can be used 1n the methods
disclosed herein. As shown herein, methods of detecting
cocaine and methadone 1n a sample can be performed using
the methods disclosed herein.

[0051] In some aspects, the disclosed composition and
methods can be used to detect a contaminant in a food. For

example, a sample from a food source can be screened using
the methods disclosed herein to determine the presence of a
particular analyte of interest (e.g. a contaminant).

[0052] 1. Introducing a sample comprising an analyte of
interest to an antibody or antibody fragment;

[0053] In some instances, itroducing a sample compris-
ing an analyte of interest to an antibody or antibody frag-
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ment comprises adding the sample comprising an analyte of
interest to the antibody or antibody fragment. In some
instances, the antibody or antibody fragment can be 1mn a
solution, immeobilized to a support or a combination thereof.

[0054] In some 1nstances, mtroducing a sample compris-
ing an analyte of interest to an antibody or antibody frag-
ment comprises adding the antibody or antibody fragment to
a sample comprising an analyte of interest. In some
instances, the antibody or antibody fragment bound to the
analyte of interest can be subsequently immobilized to a
support prior to detection.

[0055] 2. Incubating the sample and antibody or antibody
fragment under conditions sufficient to allow binding of the
analyte of 1nterest to the antibody or antibody fragment; and

[0056] In some 1nstances, imncubating the sample and anfi-
body or antibody fragment under conditions sufficient to
allow binding of the analyte of interest to the antibody or
antibody fragment comprises providing incubation condi-
tions such as appropriate temperature, pH and salt concen-
tration to allow binding of the analyte of interest to the
antibody or antibody fragment. In some 1nstances, mcubat-
ing the sample and antibody or antibody fragment under
conditions sufficient to allow binding of the analyte of
interest to the antibody or antibody fragment comprises
providing appropriate concentrations of the antibody or
antibody fragment to bind the analyte of interest.

[0057] 3. Detecting the binding of the analyte of interest to
the antibody or antibody fragment using a label-free second
harmonic detection system.

[0058] In some instances, detecting the binding of the
analyte of interest to the antibody or antibody fragment
using a label-free second harmonic detection system makes
use of non-linear optical methods such as second-harmonic
imaging (SHI) and second-harmonic correlation spectros-
copy (SHCS) to produce a detection scheme for a universal,
label-free immunoassay as further disclosed herein.

[0059] In exemplary aspects, detecting the binding of the
analyte of interest to the antibody or antibody fragment
using the label-free second harmonic detection system can
comprise using second harmonic 1imaging (SHI) to detect the
binding of the analyte of interest. In additional aspects,
detecting the binding of the analyte of interest to the
antibody or antibody fragment using the label-free second
harmonic detection system can further comprise determin-
ing binding properties of the analyte of interest using
second-harmonic correlation spectroscopy. Optionally,
detecting the binding of the analyte of interest to the
antibody or antibody fragment using the label-free second
harmonic detection system can comprise using second-
harmonic correlation spectroscopy to determine binding
afiimity data (e.g., K_, K _, and the like) for the analyte of
interest based upon a single measured concentration of the
analyte of interest. The second-harmonic signal can be
recorded as a function of time at a single analyte concen-
tration. The resulting signal can then be correlated automati-
cally to retrieve the dynamics of the binding process. The
resulting correlation 1s then numerically fit to the follow
equation:

y X eXp|—(Kon [A] + kop )7 ]
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Using sing a nonlinear least squares regression algorithm,
the parameters, k,,, and k,, can be obtained. Additionally,
detecting the binding of the analyte of interest to the
antibody or antibody fragment using the label-free second
harmonic detection system can further comprise using sec-
ond-harmonic 1maging to quantify the analyte of interest.
The second-harmonic mmaging can be accomplished by
direct collection of a wide field 1mage using a CCD device
using a large illumination area which covers the enftirety or
a fraction of the sensor area. Alternatively, the second-
harmonic 1maging can be accomplished by raster scanning
of the incident excitation source over the surface in such a
way as to construct and 1mage from ndividual collection
points based on the location of the excitation source on the
surface using a PMT or other suitable photon detector
system.

[0060] Optionally, 1n additional aspects and as previously
described, the label-free second harmonic detection system
can comprise: a laser that generates incident light at a first
frequency; a substrate assembly having a prism layer and a
support layer that supports the sample and antibody or
antibody fragment between the support layer and the prism
layer, wherein the substrate receives incident light at the first
frequency from the laser; a detection assembly that receives
reflected light from the substrate assembly, wherein the
detection assembly detects a second harmonic signal corre-
sponding to reflected light having a second frequency equal
to twice the first frequency; and a processing assembly that
rece1ves the second harmonic signal and determines a quan-
fity of the analyte of interest. In further optional aspects, and
as previously described, it 1s contemplated that the detection
assembly can comprise a sensor having a first surface that
rece1ves reflected light from the substrate assembly. In these
aspects, 1t 1s contemplated that the first surface of the sensor
can be optically heterodyned to amplify the second har-
monic signal. For example, 1n one exemplary non-limiting
configuration, the first surface of the sensor can be covered
with a non-linear optically-active surface layer, and the
non-linear optically-active surface layer can be covered with
a silicon oxide sol-gel film to create a self-contained het-
erodyne optical arrangement that enhances the second har-
monic signal.

D. Methods of Screening

[0061] Disclosed are methods of screening for analytes
that bind an antibody or antibody fragment comprising
itroducing an analyte to an antibody or antibody fragment,
and detecting the presence of the analyte bound to the
antibody or antibody fragment using a label-free second
harmonic detection system, wherein the presence of the
analyte bound to the antibody or antibody fragment indicates
the analyte binds the antibody or antibody fragment.

[0062] In some instances, an antibody or antibody frag-
ment 1s known to bind the analyte of interest. In some
istances, an antibody or antibody fragment can be 1mmo-
bilized on a support. For example, the support can be a solid
support. In some 1nstances, a solid support can be a solid-
state substrate or support with which antibodies or antibody
fragments can be immobilized directly or indirectly. In some
instances the antibody fragment at least comprises the Fab
portion of a full length antibody. In some instances the
antibody fragment at least comprises the variable region of

a full length antibody.
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[0063] In some instances, an analyte of interest can be a
protein, nucleic acid, small molecule, or fragment thereof. In
some 1nstances, the fragment thereof of any of the protein,
nucleic acid, or small molecule can comprise the binding site
for the disclosed antibody or antibody fragment. In some
instances, an analyte of interest can be a biomarker. For
example, an analyte of interest can be a cancer biomarker.

For example, a cancer biomarker can be, but 1s not limited
to, BRCA1/BRCA2, CEA, EGFR, HER-2, PSA, S100,

BCR-ABL, CA-125, p53, or pl4ARF. In some instances, an
analyte of interest 1s a low molecular weight protein or
fragment thereol. For example, low molecular weight pro-
teins can be, but are not limited to, cytokines, chemokines,
peptide hormones, or proteolytic fragments of larger pro-
teins.

[0064] In exemplary aspects, detecting the presence of the
analyte bound to the antibody or antibody fragment using
the label-free second harmonic detection system can com-
prise using second harmonic imaging (SHI) to detect the
binding of the analyte to the antibody or antibody fragment
as Turther disclosed herein. In further exemplary aspects, 1t
1s contemplated that detecting the presence of the analyte
bound to the antibody or antibody fragment using the
label-free second harmonic detection system can comprise
determining binding properties of the analyte of interest
using second-harmonic correlation spectroscopy as further
disclosed herein.

E. Methods of Diagnosing

[0065] Disclosed are methods of diagnosing cancer 1n a
subject comprising introducing a sample obtained from a
subject to an antibody or antibody fragment, detecting the
presence ol an analyte bound to the antibody or antibody
fragment using a label-free second harmonic detection sys-
tem, diagnosing the subject with cancer when the presence
of the analyte bound to the antibody or antibody fragment 1s
detected, and administering a therapeutically eflective
amount ol an anti-cancer treatment to the diagnosed subject.
In some instances, the subject 1s human.

[0066] In some instances, a sample can be a biological
sample. For example, a biological sample can be, but 1s not
limited to, blood, serum, urine, milk, cell lysate, tissue
lysate, plasma, tears, sweat, or ocular tluid.

[0067] In some instances, an analyte of interest can be a
protein, nucleic acid, small molecule, or fragment thereof. In
some 1nstances, the fragment thereof of any of the protein,
nucleic acid, or small molecule can comprise the binding site
for the disclosed antibody or antibody fragment. In some
instances, an analyte ol interest can be a biomarker. For
example, an analyte of interest can be a cancer biomarker.
For example, a cancer biomarker can be, but i1s not limited
to, BRCA1/BRCA2, CEA, EGFR, HER-2, PSA, S100,
BCR-ABL, CA-125, p33, or pl4ARF. In some 1nstances, an
analyte of interest 1s a low molecular weight protein or
fragment thereol. For example, low molecular weight pro-
teins can be, but are not limited to, cytokines, chemokines,
peptide hormones, or proteolytic fragments of larger pro-
teins.

[0068] In some 1nstances, the anti-cancer treatment can be
any known anti-cancer treatment including, but not limited
to, chemotherapy, radiation, immunotherapy, cell therapy, or
hormone therapy.

[0069] In exemplary aspects, detecting the presence of the
analyte bound to the antibody or antibody fragment using
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the label-free second harmonic detection system can com-
prise using second harmonic imaging (SHI) to detect the
binding of the analyte to the antibody or antibody fragment.
In further exemplary aspects, detecting the presence of the
analyte bound to the antibody or antibody fragment using
the label-free second harmonic detection system can com-
prise determining binding properties of the analyte of inter-
est using second-harmonic correlation spectroscopy.

F. Kits

[0070] The materials described above as well as other
maternals can be packaged together 1n any suitable combi-
nation as a kit useful for performing, or aiding in the
performance of, the disclosed method. It 1s useful 11 the kat
components 1 a given kit are designed and adapted for use
together 1 the disclosed method. For example disclosed are
kits for detecting an analyte of interest, the kit comprising an
antibody or antibody fragment and at least one component of
a label-free second harmonic detection system. The kits also
can contain a solid support.

[0071] The disclosed kits can also include mstructions for
how to use the label-free second harmonic detection system.

EXAMPLES

[0072] Cancer biomarkers have the potential of providing
a reliable detection scheme for early cancer detection, 1den-
tification and progression, allowing patients to receive the
most eflective and approprniate therapies. The presence of
cancer 1n a patient generates a unique signature in the blood,
through the presence of LMW proteins and peptides origi-
nating from cancer cells in the body. A multitude of specific
biomarkers and their eflective concentrations 1n the blood
need to be evaluated to provide an accurate assessment of
the state, type and progression of cancer 1n a patient. The
goal of this proposal 1s not to 1dentily such markers, but to
implement a feasible multiplexed array based detection
assay for quantification and identification of such biomark-
ers 1n a clinical setting.

[0073] There have been a number of analytical approaches
taken to detect and quantily cancer biomarkers 1n blood and
other biological samples, including the polymerase chain
reaction (PCR), capillary electrophoresis, surface plasmon
resonance (SPR), surface enhanced Raman spectroscopy
(SERS), microcantilevers, colonmetric assays, electro-
chemical assays, and a variety of fluorescence methods.
These approaches and others have been summarized in a
number of recent reviews. Competitive enzyme-linked
immunosorbent assays (ELISAs), have also been employed,
which 1s not surprising due to their extensively used in
clinical diagnostics for decades. They are also considered
the gold standard for the detection of proteins in physiologi-
cal samples by many.

[0074] Traditionally, detection of LMW substances 1n
blood, salvia or urine have been carried out using competi-
tive heterogeneous ELISA based immunoassays employing
immobilized antibodies or small-molecule conjugates on a
solid support. Competitive immunoassays are simple, rapid
and cost-eflective methods for detecting a wide range of
LMW analytes 1n variety of biological matrixes. However,
the number of commercially available immunoassay kits for
haptens 1s relatively limited. The surprising absence of
antibody based assays for haptens 1n the marketplace 1s due
largely to the poor performance (reproducibility) and high
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limits of detection (1LOD) typically associated with the
current tests. An alternative would be to use a noncompeti-
tive assay. A study reviewing the fundamental problems
associated with competitive immunoassays showed that they
are 1nferior to noncompetitive immunoassays 1n terms of
sensitivity, precision, kinetics and dynamic range of the
analyte. However, a practical noncompetitive hapten immu-
noassay format has not been forthcoming, due to the diffi-
culty of detecting the hapten upon capture. Clearly, the
development of a noncompeftitive cancer biomarker assay
would overcome the limitations of existing competitive
ELISA tests, but the detection problem 1s the largest hurdle
to overcome 1n developing a functional noncompetitive or
primary antibody assay.

1. Developing a Label-Free Noncompetitive Cancer
Biomarker Immunoassay

[0075] The prevalence of cancer and the need for early
detection makes the development of accurate, rapid, cost
effective assays of paramount importance. The goal here 1s
to apply SHCS and SHI to develop a label-free noncom-
petitive immunoassay for cancer biomarkers. Initial studies
allow for method validation of the approach and character-
1zation 1n biological matrices (bovine plasma or urine) can
prove the viability of the assay i a clinically relevant
platform. These studies present a comprehensive examina-
tion of the efficacy of SHCS and Second Harmonic Imaging
(SHI) for the label-free detection of cancer biomarkers 1n a
primary antibody immunoassay format. These studies can
advance the ability to detect a host of biologically relevant
molecules and biomarkers associated with cancer, signifi-
cantly improving upon existing clinical assays.

[0076] It 1s estimated that greater than 1 muillion people
annually are diagnosed with cancer of some form. The high
prevalence of cancer and the need for early detection makes
the development of accurate, rapid, cost effective and widely
available assays of paramount importance. The ability to
detect low concentrations of cancer biomarkers (fM and
lower) 1s also highly desirable. From an analytical perspec-
tive, lower LODs lead to earlier detection and more favor-
able outcomes for patients.

[0077] A recent examination of bottlenecks in the devel-
opment of clinical assays for cancer detection based on
biomarkers found that the reason behind so few biomarkers
reaching the clinic can largely be explained by the 1nability
of current technologies to consistently and quantitatively
verily the presence of the candidates (biomarkers) in patient
samples. Clearly an accurate, highly sensitive, label-free
noncompetitive immunoassay would be of clinical relevance
for the screening of potential cancer biomarkers.

[0078] There are approxamately 1200 proteins which have
been 1dentified as potential biomarkers for various forms of
cancer. However, only 9 have been FDA approved for cancer
screening. In order to validate SHCS and SHI for biomarker
detection, 6 FDA approved biomarkers (FIG. 4) will be
screened 1n a primary antibody array using SHI and SHCS.
These candidates were chosen principally because existing
working assays exist with established LLODs. The proteins
and primary antibodies needed to create the arrays are also
commercially available.

[0079] The approach described herein uses the nonlinear
optical process of second harmonic (SH) generation for the
label-free detection of cancer biomarkers 1n an immunoas-
say format. SH 1s a coherent second-order nonlinear optical

May 25, 2023

technique which 1s inherently surface-specific and possesses
the spectroscopic characteristics of UV-Vis absorbance
spectroscopy. The principles of SH have been discussed in
a number of excellent reviews. SH involves the frequency
doubling of an 1ncident optical field at frequency w yielding
photons at twice the frequency (2®) of the incident source
(FIG. 10C). The frequency doubling can be modeled using
the following equation: 20=m,  +® .. The measured SH
intensity 1s proportional to the square of the surface density
of molecules; coupled with the surface-specificity of the
technique, makes it 1deally suited for detection 1n a hetero-
geneous assay. The surface selectivity eliminates the need
for a “washing” step, allowing a true equilibrium measure-
ment to be made, which 1s crucial when sub-micromolar
(uM) concentrations of analytes are measured and over-
comes the largest source of error in current competitive
ELISA based immunoassays. If the fundamental (®) or SH
(2m) frequencies are resonant with electronic transitions of
the small-molecule, peptide or protein of interest, an
increase in the SH signal 1s observed. The SH signal can be

modeled according to the following equation:

R —d (1) —ﬂ_‘f?
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where (;=resonant transition 1n UV or Vis.

[0080] As almost all small-molecules of biological impor-
tance (peptides, protemns or metabolites) contain double
bonds or conjugated ring systems with electronic transitions
in the UV and deep UV, a considerable SH enhancement 1s
achieved when using a visible pump. The versatility of SH
for the label-free detection of various small-molecule drugs,
peptides and proteins to model lipid membranes was previ-
ously established. SH techniques are also exquisitely sensi-
tive to molecular symmetry; as such, a random orientation of
molecules produces no measurable SH due to the symmetry
constraints of the up-conversion process. However, when a
molecule 1s specifically bound to a receptor, such as an
antibody, the net alignment of the molecules allows for
detection (FIG. 1), thus eliminating the need for sophisti-
cated blocking buffers as required in most ELISA-based
assays. The capacities of SH have also been extended by
developing a new 1maging modality. Coupling SHI with a
microarray fabrication method using a continuous flow
micro-spotter allows for the development of a high-through-
put label-free cancer biomarker immunoassay as disclosed
herein.

1. Continuous Flow Microspotter for Array
Formation

[0081] The use of arrays for chemical/biological analysis
1s well proven, and provides a high-throughput or multiplex
advantage. A Continuous Flow Microspotter (CFM) 1s 1de-
ally smited for the creation of biological and molecular
arrays. Two unique applications of the CFM are 1) the
creation of multicomponent lipid bilayer arrays (MLBAS)
and 2) the demonstration of protein capture. The CFM can
be used to create discrete lipid bilayers containing a variety
of ligands for the selective binding of protein receptors.
MLBAs containing lipids functionalized with the GMI
ganglioside, DNP and biotin were screened with fluores-
cently labeled cholera toxin B (CTB), anti-dinitrophenyl
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(DNP) antibody and NeutrAvidin, 1n a protein-capture array.
The arrays show little to no cross-reactivity and excellent
spot-to-spot reproducibility.

11. Protein and Small-Molecule Detection Using SH

[0082] Most conventional microarray-based strategies for
detecting proteins, peptides and some small-molecules are
based on fluorescence. SH and SHI have been developed to
quantily such interaction in a label-free manner. The pre-
dominant chromophore 1n proteins and peptides 1s the amide
backbone. Ignoring contributions from aromatic side chains,
this group constitutes the major source of the SH response
due to the relatively large nonlinear polarizabilitiy of the 7C
clectrons. Below are several examples of successes 1n imple-
menting SH for the detection of proteins and peptides, the
detection of small-molecule drugs, and the development of
SHI coupled with CFM created arrays for the high-through-

put screening of drug-membrane 1nteractions.

a. SH Detection of Proteins and Peptides

[0083] Biotin-bound protein complexes have been used 1n
a wide variety of bioanalytical applications, including moni-
toring conformational changes, biochip sensor fabrication,
immunoassays, and targeted drug delivery and screening. A
comparison of the binding properties of avidin, streptavidin,
neutrAvidin™ and anti-biotin antibody to a biotinylated
lipid bilayer was studied using SH, providing a direct
comparison of the binding properties of these biotin-protein
complexes 1n a label-free manner and providing an unbiased
comparison of the binding atlinities.

b. Quantitying Drug-Membrane Interactions

[0084] SH was also used to measure the association of
several selective estrogen receptor modulator (SERM) drugs
to lipid bilayers, to understand how the interaction between
the SERMSs cell membrane modulates the drugs bioavail-
ability. Tamoxifen and raloxifene are the most widely pre-
scribed SERMs to treat breast cancer and prevent osteopo-
rosis. The binding of raloxifene, tamoxifen and three
tamoxifen metabolites to several artificial cell membranes
were detected and the differences in membrane interactions
for these SERMs and their metabolites were quantified for
the first time, and these findings were correlated with their
climical potency.

¢. SH Imaging of Small-Molecule Adsorption to
Membranes

[0085] SH 1s a powertul tool for investigating small-
molecule and protein interactions with membranes 1 a
label-free manner. However, a high-throughput analog
would be even more advantageous, akin to fluorescence
imaging. Towards that end, SHI was implemented to mea-
sure the interactions between the local anesthetic tetracaine
and a multi-component lipid bilayer array (MLBA) m a
label-free manner allowing the eflects of lipid phase and
CHO content on tetracaine binding to be examined simul-
taneously. SHI shows that tetracaine has a higher binding
allinity to l.c. phase lipids than to solid-gel phase lipids. The
maximum surface excess of tetracaine increases with the
degree of unsaturation of the phospholipids and decreases
with cholesterol 1n the lipid bilayers. This study demon-
strates that SHI possesses the required sensitivity to directly
quantily biomarkers in a high-throughput manner.
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111. Second-Harmonic Correlation Spectroscopy

[0086] Determiming binding kinetics and subsequent bind-
ing athinities in bioassays 1s technically challenging and time
intensive. Typically adsorption and desorption rates are
measured in real time, such as i SPR. Another approach
which has been used in fluorescence spectroscopy 1s to
measure the fluctuations in a system for a fixed time and
through correlation analysis, retrieve the underlying kinetic
rates. Although fluorescence correlation spectroscopy (FCS)
has been extensively developed and implemented for such
surface interactions, the interpretation of the tluorescence
autocorrelation data 1s complicated by fluorescence arising
from species in solution, background fluorescence, and
photobleaching.

[0087] We have applied the principles of FCS to the
label-free and surface specific technique of SH for the first
time, overcoming many of the limitations of FCS. Second
harmonic correlation spectroscopy (SHCS) eliminates
observable fluctuations from molecular diffusion 1n solution
and ameliorates problems associated with the degradation of
fluorophores without having to reduce the number of mol-
ecules 1n the observation area, resulting in faster acquisition
times and simplified data analysis.

[0088] To demonstrate the capabilities of SHCS, the bind-
ing kinetics of (S)-(+)-1,1'-b1-2-napthol (SBN) associating
with a DOPC lipid bilayer were examined. The results
obtained from SHCS were compared to a classical adsorp-
tion 1sotherm experiment to verily the accuracy of the
kinetic and thermodynamic values retrieved from the SHCS
analysis. Using SHCS, both the adsorption and desorption
rates were simultaneously determined in a much shorter time
compared to a conventional 1sotherm study. Additionally,
SHCS was used to deconvolute the complex binding prop-
ertiecs of multivalent protein-ligand interactions (peanut
agglutinin (PnA) and cholera toxin subunit b (CTb) binding
to a GM1 which was 1naccessible using conventional bind-
ing 1sotherms, SHCS provides a more eflicient and compre-
hensive method for studying molecular interactions at a
surface without the need for an exogenous label, providing
a new and powerful method for investigating cancer bio-
marker detection using antibodies, as discussed below.

1v. A Proven Small-Molecule Noncompetitive
Label-Free Immunoassay

[0089] The use of antibodies for the direct detection of
LMW small-molecules was not possible using a primary
antibody immunoassay format; that 1s until now. SH and
SHCS can detect cocaine (303.4 MW) 1n a noncompetitive
label-free immunoassay with high sensitivity and selectivity
(FIG. 1). The LOD 1s dependent upon the sensitivity (pro-
portional to K ) and noise (o). Based on the data in FIG. 1,
SH has a 20x lower LOD (0.13+0.07 nM) compared to a
standard competitive ELISA (2.9+1 nM). SHCS also pro-
vides a rapid assessment of the kinetics of adsorption/
desorption and thermodynamic aflinity comparable to the
1sotherm data 1n a fraction of the time (FIG. 1). The example
shown 1n FIG. 1 for small-molecule capture in a noncom-
petitive label-free assay using SH illustrates the potential
this method has for cancer biomarker detection. Impressive
as SH 1s for the label-free detection of LWM compounds 1n
a noncompetitive immunoassay, improvement of the sensi-
tivity and reducing error 1n the measurement are crucial for
a cancer biomarker assay in order to improve the LOD
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turther. The goal of this research 1s to reduce the LOD to the
M range for cancer biomarkers detection. The proposed
research describes a strategy to achieve this objective by
implementing a SH enhancement scheme as disclosed
herein.

v. Formation of Antibody Arrays Using the CFM

[0090] Following an established protocol published by
Pierce Biotechnology (Tech Tip #5, Thermo Scientific,
piercenet.com/files/TRO005-Attach-Ab-glass.pdf, FIG. 5),
IgG proteins against the various compounds listed in FIG. 4,
will be arrayed onto fused silica supports. A silica surface
functionalized with 3-aminopropyltrimethoxy silane 1s
reacted with a heterobifunctional cross linker (4-(N-male-
imidomethyl)cyclohexane-1-carboxylic acid 3-sulfo-N-hy-
droxysuccinimide ester sodium salt, 1.e. Sulfo-SMCC). The
sulthydryl groups (—SH) on the antibody are made avail-
able for covalent coupling to the maleimide-activated sur-
tace by reacting native disulfide bonds of the antibody with
2-mercaptoethylamine. The sulthydryl-containing antibod-
ies can be cross-linked to the maleimide-activated silica
surface using the CFM.

v1. Screening Cancer Biomarkers

[0091] The representative cancer biomarkers can be
reconstituted in PBS, at pH 7.4 and incubated with a primary
antibody array for detection. SHCS can be used to calibrate
the capture antibody arrays by determining the binding
association constant for each of the primary antibody-target
biomarker pairs. Using this calibration data, the LOD for the
various biomarkers can be determined. The measurement
step can be performed using SHI. Cross-reactivity can be
examined using antibody arrays for the various markers
screened 1n unison. These measurements can be used to
ascertain the specificity of the various capture antibodies for
the specific cancer biomarker target.

vil. Screening Libraries in Biologically Relevant
Media

[0092] As with the small-molecule 1mmunoassays
described 1in above, the calibration and measurement of
biomarker association to the primary antibody arrays can be
reproduced 1n bovine plasma and synthetic urine.

viil. Validation of SHCS and SHI

[0093] The eflectiveness of these methods for the screen-
ing of the selected cancer biomarkers can be accomplished
in two ways: 1) The SHC and SHI approach can be com-
pared to the results obtained using commercially available
assays. The LODs, sensitivity and selectively can be mea-
sured and compared with the established assays. 2) The
ESHC and ESHI results can also be correlated with fluo-
rescence measurements made on the same systems. For the
protein biomarker studies, fluorescein (Fl)- or rhodamine
(Rh)-labeled analogs of the proteins can be used. Labeling
can be accomplished with amine reactive conjugates (lissa-
mine rhodamine B and fluorescein succinimidyl esters,
available from Invitrogen). Fluorescence microscopy can be
used to collect the binding data. The kinetic and steady-state
adsorption data obtained by fluorescence can be correlated
with that obtained from the SH experiments as a means of
validating the SHCS and SHI methods. A statistical assess-
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ment of the binding athnities between formats can also be
performed as a means ol validating the SH detection
schemes.

2. Enhancing the Capabilities of Second Harmonic
for Cancer Biomarker Detection

[0094] One goal of the proposed studies 1s to enhance and
implement the complimentary techniques of SHCS and SHI
for the development of a umiversal, label-free immunoassay
for a range of potential LMW cancer biomarkers. SHCS can
be implemented for rapid single point calibration to derive
the Kd (or Ka) 1mn a fraction of the time required by a
conventional thermodynamic equilibrium binding 1sotherm.
This can be coupled with the high-throughput capabilities of
SHI for screening and quantifying small-molecules by uti-
lizing antlbedy capture arrays. Together these methods rep-
resent a unique analytical approach which does not com-
promise sensitivity and speed yet provides a novel label-free
immunoassay format. Alone, the techmiques are already
proven ellective label-free methods for detecting proteins
and small-molecules, but in order to tackle the changes of
detecting cancer biomarkers at the low-levels found 1n
biological samples, the sensitivity of these methods needs to
be 1mproved. To achieve this, enhancing these already
capable techniques using a novel optical heterodyning
method, providing greater sensitivity and improved limit of
detection (LLOD) can be performed.

[0095] The detection limit achievable with the current SH
methods 1s compared with competing technologies SPR,
fluorescence, and ELISA (FIG. 2). The data highlights the
impressive sensitivity ol SH and the clear advantage 1t has
in the label-free detection of both small-molecules and
proteins. The studies from which the data in FIG. 2 were
obtained are summarized above. As seen 1n FIG. 2, SH
surpasses the detection limits of current state-oi-the-art
analytical approaches. In most cases, SH has a LOD that 1s
several orders of magnitude better than existing techniques.
Although 1mpressive, the LODs still needs to be improved
in order to provide a platform capable of detecting the
sub-femtomolar (IM) concentrations or lower of cancer
biomarkers.

[0096] The lmmited conversion efliciency of nonlinear
optical phenomena such as SH underscores the importance
of signal enhancement strategies. Enhancement strategies
also have the potential to move SH from the laboratory to the
clinic by utilizing compact low-cost (~$5K), laser sources.
One method which has been used to increase the “signal” 1n
has been optical heterodyming where an external field 1s
“added” to the intrinsically weak SH signal providing sig-
nificant amplification. The intensity at 2w (I,.,) for a het-
erodyned system is given by the following: [I, ~E, )+
2E, JEexp(-i9)+E.,,°] where E,, is the electric field
produced by the local oscillator (LLO), E ., 1s the electric field
of the SH generated from the molecules adsorbed at the
surface and ¢ 1s the phase difference between LO and SH.
ESH_N<Byk>E(UJ) with N being the surface den31ty of
analyte, [, 1s the hyperpolarizability, and E(w) 1s the
clectric ﬁeld amplitude of the fundamental field (w). As E, ,
1s large, the last term 1n the equation can be negated. The
intensity at 2m 1s dominated by the LO and the product of
the LO and SH fields. As the LO 1s constant 1t can be
subtracted from the measured intensity, giving an amplified
SH response linearly dependent upon the concentration of
analyte.
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[0097] Typically optical heterodyning i1s accomplished
with a LO which 1s generated external to the system. This
approach 1s cumbersome and requires precise optical align-
ment of the LO with the SH generated at the surface in order
to maintain the optimal phase relationship between the LO
and SH fields. One exemplary approach, as further disclosed
herein, has been to deposit a nonlinear optically-active
surface layer, such as potassium titanyl phosphate (K'TP),
directly onto the sensor surface using the sol-gel process.
The 10 nm thick K'TP layer 1s then over-coated with a S10,,
sol-gel film creating a self-contained heterodyne optical
arrangement (shown schematically in FIG. 3). The incident
field at co generates a fixed-amplitude LO at 2w 1n the KTP
film which 1s truly “local” to the surface. This field then
combines with the SH providing a >100x enhancement 1n
the SH response. The adsorption of bovine serum albumin
(BSA) to the sensor surface was used to measure the
achievable gain of these novel KTP-LO films. The goal of
Aim #1 1s to design and optimize the heterodyne system by
varying the nonlinear optical layer thickness and tuning for
optimal amplification by varying the thickness of the S10,
over-layer. The phase difference (¢) between the LO and SH
field 1s given by (¢ )=2ntnd/A_, where n 1s the refractive index
of the S10, layer, d 1s the thickness and A_ 1s the SH
wavelength 1n a vacuum. It 1s contemplated that a spectros-
copy ellipsometer can aid in the fabrication and character-
ization ol the sensor platform. Based on our preliminary
findings, the amplification strategy disclosed herein eflec-
tively decreases the LOD of SH by 1-2 orders of magmitude
(LOD=3nr/sensitivity), bringing us into the sub-iM and atoM
detection regime. This amplification strategy can be applied
to SHCS and SHI, thus enhancing the capabilities of these
methods for the detection of cancer biomarkers, as described
below.

[0098] Those skilled 1n the art will recognize, or be able to
ascertain using no more than routine experimentation, many
equivalents to the specific embodiments of the method and
compositions described herein. Such equivalents are
intended to be encompassed by the following claims.
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We claim:

1. A method of screening for analytes that bind an
antibody or antibody fragment comprising

a) introducing an analyte to an antibody or antibody

fragment; and

b) detecting the presence of the analyte bound to the

antibody or antibody fragment using a label-free sec-
ond harmonic detection system,

wherein the presence of the analyte bound to the antibody

or antibody fragment indicates the analyte binds the
antibody or antibody fragment.

2. The method of claim 1, wherein the antibody or
antibody fragment 1s immobilized on a support.

3. The method of claim 1, wherein the antibody or
antibody fragment 1s known to bind the analyte of interest.

4. The method of claim 1, wherein the analyte 1s a protein,
nucleic acid, small molecule, or fragment thereof.

5. The method of claim 1, wherein detecting the presence
of the analyte bound to the antibody or antibody fragment
using the label-free second harmonic detection system com-
prises using second harmonic imaging (SHI) to detect the
binding of the analyte to the antibody or antibody fragment.

6. The method of claim 5, wherein detecting the presence
of the analyte bound to the antibody or antibody fragment
using the label-free second harmonic detection system fur-
ther comprises determining binding properties of the analyte
of interest using second-harmonic correlation spectroscopy.
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