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BIOSENSOR FOR DETECTING MULTIPLE EPITOPES ON A TARGET

GOVERNMENTAL RIGHTS
[0001] This invention was made with government support under R41

GMO079891 awarded by the National Institutes of Health. The government has certain

rights in the invention.

BACKGROUND OF THE INVENTION
[0002] Pathogenic bacteria are responsible for over fifty infectious diseases.

Methodologies allowing detection of the pathogens in clinical, food, water and
environmental samples are an important component of infectious disease diagnosis,
treatment and prevention. Currently, pathogen detection involves traditional methods
based on cell culture and colony counting, antigen detection methods, PCR-based
methods, and various biosensors. Each of these methods has its own strengths and
weaknesses. Traditional methods are robust and sensitive, but very slow. Antigen and
PCR-based methods are much faster but are technically demanding and in the case of
PCR-based methods, prone to false-positives. Biosensors offer the promise of much
shorter detection times but require more development before they become a real
alternative. There is clearly a need for new detection methodologies that would
overcome the limitations of currently existing technologies.

SUMMARY OF THE INVENTION
[0003] One aspect of the present invention encompasses a method for

detecting a target comprising at least one repeating epitope. The method comprises
contacting a sample comprising the target with a molecular biosensor. The biosensor

comprises:
R1-R2-R3-R4; and
R5-R6-R7-R8;
wherein:

R1 and RS are epitope binding agents that bind to a repeating epitope on

a target;
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R2 is a flexible linker attaching R1 to R3;

R3 and R7 are a pair of complementary nucleotide sequences having a
free energy for association from about 5.5 kcal/mole to about 8.0 kcal/mole at a
temperature from about 21° C to about 40° C and at a salt concentration from
about 1 mM to about 100 mM;

R4 and R8 together comprise a detection means such that when R3 and
R7 associate a detectable signal is produced; and

RG6 is a flexible linker attaching R5 to R7.
[0004] Other aspects and iterations of the invention are described more

thoroughly below.

REFERENCE TO COLOR FIGURES

[0005] The application file contains at least one photograph executed in

color. Copies of this patent application publication with color photographs will be
provided by the Office upon request and payment of the necessary fee.

BRIEF DESCRIPTION OF THE FIGURES
[0006] Fig. 1 depicts (A) the design of a molecular biosensor. ANTI1 and

ANTI2 depict antibodies labeled with signaling oligonucleotides. T corresponds to the
target protein. (B) Proof-of-principle for molecular biosensors. Black line: emission
spectrum of 20 nM ANTI1 labeled with fluorescein. Red line: Emission spectrum of a
mixture of 20 nM ANTI1 and 25 nM ANTI2 labeled with Cy5. Blue line: 20 nM ANTI1
and 25 nM ANTI2 in the presence of 20 nM human cardiac troponin |. Excitation was at
490 nm. Inset: FRET signals for each sample (emission at 670 nm with the excitation at
490 nm). (C) Cardiac troponin sensor response at low concentrations of the protein.

[0007] Fig. 2 depicts the design of antibody-based sensor for detecting
pathogens.

[0008] Fig. 3 depicts (A) the mechanism of preferential binding of the
antibodies labeled with complementary signaling oligonucleotides next to each other.
(B) Proof-of-principle experiment demonstrating feasibility of the sensor design

illustrated in Fig. 2. False-color fluorescence images of the wells of the 96-well
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microplate containing equimolar mixture of labeled antibodies incubated with indicated
amounts of target cells (O157:H7) or negative control cells (K12) are shown. Top panel
is the image of the emission at 520 nm (excited at 488 nm) and the bottom panel is the
image of emission at 670 nm (excited at 488 nm).

[0009] Fig. 4 depicts FRET signal produced by the 20 nM/25 nM mixture of
antibodies labeled with fluorescein and Cy5-modified complementary signaling
oligonucleotides at indicated amounts of cells (in 20 ml assay, 384-well microplate).
Averages and standard deviations of 3 independent measurements are shown. Black
symbols: E. coli O157:H7; blue symbols: E. coli K12.

[0010] Fig. 5 depicts fluorescence confocal microscope images of the E. coli
0157:H7 cells incubated with the antibody labeled with fluorescein-modified signaling
oligonucleotide (donor only) or with the mixture of antibody labeled with fluorescein and
Cy5-modified complementary oligonucleotides (donor/acceptor). Fluorescein image was
taken with excitation at 488 nm and emission at 520 nm. FRET image was taken with
excitation at 488 nm and emission at 670 nm.

[0011] Fig. 6 depicts the kinetics of the biosensor response. Indicated
amounts of E. coli O157:H7 cells were added to 20 nM mixture of antibody labeled with
fluorescein and Cy5-modified complementary oligonucleotides and FRET signal
(emission at 670 nm with excitation at 488 nm) was monitored over time.

[0012] Fig. 7 depicts the increased sensitivity of target cell detection at
lower antibody concentration. Black symbols: 10/12 nM nM antibody mixture; blue
symbols: 5/6.2 nM nM antibody mixture.

[0013] Fig. 8 depicts a sample concentration step that can be used to
enhance detectabilty of low amounts of the bacteria. Red bars: 3000 cells/ml sample;
blue bars: 300,000 cells/ml sample.

[0014] Fig. 9 depicts a biosensor for Salmonella typhimurium. FRET signal
produced by the 20 nM/25 nM mixture of antibodies labeled with fluorescein and Cy5-
modified complementary signaling oligonucleotides at indicated amounts of cells (in 20
Wl assay, 384-well microplate). Averages and standard deviations of 3 independent
measurements are shown. Black symbols: Salmonella typhimurium; cyan symbols: E.
coli K12; blue symbols: E. coli O157:H7.
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[0015] Fig. 10 depicts the kinetics of a Salmonella typhimurium biosensor
response. Indicated amounts of Salmonella cells were added to 20 nM/25 nM mixture of
antibody labeled with fluorescein and Cy5-modified complementary oligonucleotides
and FRET signal (emission at 670 nm with excitation at 488 nm) was monitored over
time.

[0016] Fig. 11 depicts the homogenous restriction-enzyme based signal
amplification methodology compatible with homogenous nature of molecular
biosensors. S1 and S2 correspond to the antibodies recognizing the target labeled with
short oligonucleotides complementary to the region of S3 flanking the restriction
enzyme cleavage site in S3.

[0017] Fig. 12 depicts a design of the solid-surface variant of the sensor for
detecting bacteria. Oligonucleotide containing multiple copies of a sequence
complementary to the signaling oligonucleotide used for labeling the antibody is
immobilized on the solid surface.

[0018] Fig. 13 depicts a proof-of-principle validation of the design illustrated
in Fig. 12. Various amounts of E. coli 0157:H7 cells were incubated in the presence of
20 nM antibody conjugated to fluorescein-modified signaling oligonucleotide in
microplate wells containing immobilized complementary oligonucleotide. After washing
the wells with the buffer the fluorescence remaining in the wells were read on a plate
reader. Inset: Specificity of the solid-surface based sensor. No signal in the presence of
E. coli K12 was detected (red symbols).

[0019] Fig. 14 depicts a proof-of-principle for a TIRF-based solid-surface
based biosensor for bacteria. Oligonucleotide containing multiple copies of a sequence
complementary to the signaling oligonucleotide used for labeling the antibody was
immobilized on the surface of a quartz slide. TIRF-induced fluorescence originating from
the surface of the slide was monitored. Only a small signal was observed upon injecting
the sample containing only labeled antibody whereas large signal was observed in the
presence of target bacteria.

[0020] Fig. 15 depicts two standard curves for a ferritin assay.
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DETAILED DESCRIPTION OF THE INVENTION
[0021] The present invention is directed to a method of using a molecular

biosensor. In particular, the method comprises detecting targets comprising repeating
epitopes. The method typically involves target-molecule induced co-association of two
epitope-binding agents that each recognize the same repeating epitope on the target.
The epitope-binding agents each comprise complementary signaling oligonucleotides
that are labeled with detection means and are attached to the epitope binding agents
through a flexible linker. Co-association of the two epitope-binding agents with the
target results in bringing the two signaling oligonucleotides into proximity such that a
detectable signal is produced. Advantageously, the molecular biosensors provide a
rapid homogeneous means to detect a variety of targets comprising repeating epitopes,
including but not limited to proteins, carbohydrates, lipids, and microbial organisms.

. Molecular Biosensors

[0022] One aspect of the invention, accordingly, encompasses a molecular
biosensor. In one embodiment, the molecular biosensor may be monovalent
comprising a single epitope binding agent that binds to an epitope on a target. A
molecular biosensor of the invention, however, is typically multivalent. It will be
appreciated by a skilled artisan, depending upon the target, that the molecular
biosensor may comprise from about 2 to about 5 epitope binding agents. Typically, the
molecular biosensor may comprise 2 or 3 epitope binding agents and more typically,
may comprise 2 epitope binding agents. In one alternative of this embodiment,
therefore, the molecular biosensor may be bivalent comprising a first epitope binding
agent that binds to a repeating epitope on a target and a second epitope binding agent
that binds to the same repeating epitope on the target. In another alternative of this
embodiment, the molecular biosensor may be trivalent comprising a first epitope binding
agent that binds to a repeating epitope on a target, a second epitope binding agent that
binds to the same repeating epitope on a target and a third epitope binding agent that
binds to the same repeating epitope on a target.
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(a)  bivalent molecular sensors

[0023] In one embodiment of the invention, the molecular biosensor may be
bivalent. In a typical embodiment, the bivalent construct will comprise a first epitope
binding agent that binds to a repeating epitope on a target, a first linker, a first signaling
oligo, a first detection means, a second epitope binding agent that binds to the same
repeating epitope on the target, a second linker, a second signaling oligo, and a second
detection means.

[0024] In one preferred embodiment, the molecular biosensor comprises two
nucleic acid constructs, which together have formula (1):

R'-R*R°-R* and
R>-R®-R’-R% (I

wherein:

R' is an epitope binding agent that binds to a repeating epitope on a
target;

R? is a flexible linker attaching R' to R?;

R®and R’ are a pair of complementary nucleotide sequences having a

free energy for association from about 5.5 kcal/mole to about 8.0 kcal/mole at a

temperature from about 21° C to about 40° C and at a salt concentration from

about 1 mM to about 100 mM,;

R* and R® together comprise a detection means such that when R® and R’
associate a detectable signal is produced;

R® is an epitope binding agent that binds to the same repeating epitope on
the target as R'; and

R® is a flexible linker attaching R’ to R’.

[0025] As will be appreciated by those of skill in the art, the choice of
epitope binding agents, R' and R®, in molecular biosensors having formula (I) can and
will vary depending upon the particular target. By way of example, when the target is a
protein, R' and R® may be an aptamer, or antibody. By way of further example, when
R" and R® are double stranded nucleic acid the target is typically a macromolecule that
binds to DNA or a DNA binding protein. In general, suitable choices for R' and R® will

include two agents that each recognize a repeating epitope on the same target. In
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certain embodiments, however, it is also envisioned that R' and R® may recognize
repeating epitopes on different targets. Non-limiting examples of suitable epitope
binding agents, depending upon the target, include agents selected from the group
consisting of an aptamer, an antibody, an antibody fragment, a double-stranded DNA
sequence, a ligand, a ligand fragment, a receptor, a receptor fragment, a polypeptide, a
peptide, a coenzyme, a coregulator, an allosteric molecule, and an ion. In an exemplary
embodiment, R' and R® are each antibodies selected from the group consisting of
polyclonal antibodies, ascites, Fab fragments, Fab’ fragments, monoclonal antibodies,
chimeric antibodies, and humanized antibodies. In a preferred embodiment, R and R®
are each monoclonal antibodies. In another embodiment, R' and R® are each
aptamers. In an additional embodiment, R' and R® are each double stranded DNA. In a
further embodiment, R' is a double stranded nucleic acid and R® is an aptamer. In an
additional embodiment, R" is an antibody and R® is an aptamer. In an additional
embodiment, R' is an antibody and R® is a double stranded DNA. In embodiments
where R" and R® comprise the same epitope binding agent, the bivalent biosensor may
be considered a monovalent biosensor.

[0026] In an additional embodiment for molecular biosensors having formula
(1), exemplary linkers, R? and R®, will functionally keep R® and R in close proximity such
that when R' and R® each bind to the target, R® and R’ associate in a manner such that
a detectable signal is produced by the detection means, R* and R®. R? and R® may
each be a nucleotide sequence from about 10 to about 100 nucleotides in length. In
one embodiment, R? and R® are from 10 to about 25 nucleotides in length. In another
embodiment, R? and R® are from about 25 to about 50 nucleotides in length. In a further
embodiment, R? and R® are from about 50 to about 75 nucleotides in length. In yet
another embodiment, R? and R® are from about 75 to about 100 nucleotides in length.
In each embodiment, the nucleotides comprising the linkers may be any of the
nucleotide bases in DNA or RNA (A, C, T, G in the case of DNA, or A, C, U, G in the
case of RNA). In one embodiment R? and R® are comprised of DNA bases. In another
embodiment, R? and R°® are comprised of RNA bases. In yet another embodiment, R
and R® are comprised of modified nucleic acid bases, such as modified DNA bases or
modified RNA bases. Examples of suitable modified DNA or RNA bases include 2'-

7
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fluoro nucleotides, 2’-amino nucleotides, 5’-aminoallyl-2’-fluoro nucleotides and
phosphorothioate nucleotides. Alternatively, R? and R® may be a polymer of bifunctional
chemical linkers. In one embodiment the bifunctional chemical linker is
heterobifunctional. Suitable heterobifunctional chemical linkers include sulfoSMCC
(Sulfosuccinimidyl-4-(N-maleimidomethyl)cyclohexane-1-carboxylate), and |c-SPDP( N-
Succinimidyl-6-(3'-(2-PyridyIDithio)-Propionamido)-hexanoate). In another embodiment
the bifunctional chemical linker is homobifunctional. Suitable homobifunctional linkers
include disuccinimidyl suberate, disuccinimidyl glutarate, and disuccinimidyl tartrate.
Additional suitable linkers are illustrated in the Examples, such as the phosphoramidate
form of Spacer 18 comprised of polyethylene glycol. In one embodiment, R? and R°® are
from 0 to about 500 angstroms in length. In another embodiment, R? and R°® are from
about 20 to about 400 angstroms in length. In yet another embodiment, R? and R°® are
from about 50 to about 250 angstroms in length.

[0027] In a further embodiment for molecular biosensors having formula (1),
R® and R’ are complementary nucleotide sequences having a length such that they
preferably do not associate unless R' and R® bind to separate repeating epitopes on the
target. When R' and R® bind to separate epitopes of the target, R* and R’ are brought
to relative proximity resulting in an increase in their local concentration, which drives the
association of R* and R”. R® and R” may be from about 2 to about 20 nucleotides in
length. In another embodiment, R* and R” are from about 4 to about 15 nucleotides in
length. In an exemplary embodiment, R® and R’ are from about 5 to about 7
nucleotides in length. In one embodiment, R® and R’ have a free energy for association
from about 5.5 kcal/mole to about 8.0 kcal/mole as measured in the selection buffer
conditions, defined below. In another embodiment, R® and R’ have a free energy for
association from about 6.0 kcal/mole to about 8.0 kcal/mole as measured in the
selection buffer conditions defined below. In yet another embodiment, R® and R” have a
free energy for association from about 7.0 kcal/mole to 8.0 kcal/mole in the selection
buffer conditions. In a preferred embodiment, R® and R’ have a free energy for
association of 7.5 kcal/mole in the selection buffer conditions described below.
Preferably, in each embodiment R®and R are not complementary to R" and R®.
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[0028] In a typical embodiment for molecular biosensors having formula (1),
R* and R® may together comprise several suitable detection means such that when R®
and R” associate, a detectable signal is produced. Exemplary detections means
suitable for use in the molecular biosensors may include FRET, fluorescence cross-
correlation spectroscopy, flourescence quenching, fluorescence polarization, flow
cytometry, scintillation proximity, luminescence resonance energy transfer, direct
quenching, ground-state complex formation, chemiluminescence energy transfer,
bioluminescence resonance energy transfer, excimer formation, colorimetric substrates
detection, phosphorescence, electro-chemical changes, and redox potential changes.

[0029] In a further embodiment, the molecular biosensor will have formula (1)
wherein:

R is an epitope binding agent that binds to a repeating epitope on a target
and is selected from the group consisting of an aptamer, an antibody, and
double stranded nucleic acid;

R? is a flexible linker attaching R' to R® by formation of a covalent bond
with each of R' and R®, wherein R? comprises a bifunctional chemical cross
linker and is from 0 to 500 angstroms in length;

R® and R are a pair of complementary nucleotide sequences from about
4 to about 15 nucleotides in length and having a free energy for association
from about 5.5 kcal/mole to about 8.0 kcal/mole at a temperature from about
21° C to about 40° C and at a salt concentration from about 1 mM to about
100 mM;

R* and R® together comprise a detection means selected from the group
consisting of FRET, fluorescence cross-correlation spectroscopy,
flourescence quenching, fluorescence polarization, flow cytometry,
scintillation proximity, luminescence resonance energy transfer, direct
quenching, ground-state complex formation, chemiluminescence energy
transfer, bioluminescence resonance energy transfer, excimer formation,
colorimetric substrates detection, phosphorescence, electro-chemical

changes, and redox potential changes;
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R® is an epitope binding agent that binds to the same repeating epitope on
the target as R', and is selected from the group consisting of an aptamer, an
antibody, and double stranded nucleic acid; and

R6 is a flexible linker attaching R® to R” by formation of a covalent bond
with each of R® and R?, wherein R® comprises a bifunctional chemical cross
linker and is from 0 to 500 angstroms in length.

[0030] Yet another embodiment of the invention encompasses a molecular
biosensor having formula (1) wherein:

R" is an antibody that binds to a repeating epitope on a target;

R? is a flexible linker attaching R' to R?;

R® and R are a pair of complementary nucleotide sequences having a
free energy for association from about 5.5 kcal/mole to about 8.0 kcal/mole at
a temperature from about 21° C to about 40° C and at a salt concentration
from about 1 mM to about 100 mM;

R* and R® together comprise a detection means such that when R® and R’
associate a detectable signal is produced;

R® is an antibody that binds to the same repeating epitope on the target as
R'; and

R® is a flexible linker attaching R’ to R’.

[0031] A further embodiment of the invention encompasses a molecular
biosensor having formula (1) wherein:

R" is an antibody that binds to a repeating epitope on a target;

R? is a flexible linker attaching R' to R® by formation of a covalent bond
with each of R' and R®, wherein R? comprises a bifunctional chemical cross
linker and is from 0 to 500 angstroms in length;

R® and R are a pair of complementary nucleotide sequence from about 4
to about 15 nucleotides in length and having a free energy for association
from about 5.5 kcal/mole to about 8.0 kcal/mole at a temperature from about

21° C to about 40° C and at a salt concentration from about 1 mM to about
100 mM;
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R* and R® together comprise a detection means selected from the group
consisting of FRET, fluorescence cross-correlation spectroscopy,
flourescence quenching, fluorescence polarization, flow cytometry,
scintillation proximity, luminescence resonance energy transfer, direct
quenching, ground-state complex formation, chemiluminescence energy
transfer, bioluminescence resonance energy transfer, excimer formation,
colorimetric substrates detection, phosphorescence, electro-chemical
changes, and redox potential changes;

R® is an antibody that binds to the same repeating epitope on the target;
and

R® is a flexible linker attaching R® to R” by formation of a covalent bond
with each of R® and R?, wherein R® comprises a bifunctional chemical cross
linker and is from 0 to 500 angstroms in length.

(b) trivalent molecular sensors
[0032] In an additional alternative embodiment, the molecular biosensor
may be trivalent. In a typical embodiment, the trivalent construct may comprise a first
epitope binding agent that binds to a repeating epitope on a target, a first linker, a first
signaling oligo, a first detection means, a second epitope binding agent that binds to the
same repeating epitope on the target, a second linker, a second signaling oligo, a
second detection means, a third epitope binding agent that binds to the same repeating
epitope on a target, a third linker, a third signaling oligo, and a third detection means.
[0033] In one preferred embodiment, the molecular biosensor comprises
three nucleic acid constructs, which together have formula (11):
R15-R14-R13-R9-R10-R11-R12;
R16-R17-R18-R19; and
R2_R21_ R2_R2 (1)
wherein:
R? is an epitope binding agent that binds to a repeating epitope on a
target;
R is a flexible linker attaching R® to R'";

11
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R" and R? are a first pair of complementary nucleotide sequences having

a free energy for association from about 5.5 kcal/mole to about 8.0 kcal/mole at a

temperature from about 21° C to about 40° C and at a salt concentration from

about 1 mM to about 100 mM;

R' and R?® together comprise a detection means such that when R"" and

R?2 associate a detectable signal is produced;

R™ is a flexible linker attaching R® to R";
R™ and R'® are a second pair of complementary nucleotide sequences

having a free energy for association from about 5.5 kcal/mole to about 8.0

kcal/mole at a temperature from about 21° C to about 40° C and at a salt

concentration from about 1 mM to about 100 mM;

R' and R together comprise a detection means such that when R™ and

R'® associate a detectable signal is produced;

R'® is an epitope binding agent that binds to the same repeating epitope

on a target as R%;

R' is a flexible linker attaching R'® to R'®;

R? is an epitope binding agent that binds to the same repeating epitope
on a target as R® and R'®; and

R*' is a flexible linker attaching R® to R%.

[0034] The choice of epitope binding agents, R°, R'® and R?°, in molecular
biosensors having formula (I1) can and will vary depending upon the particular target.
Generally speaking, suitable choices for R?, R'® and R?® will include three agents that
each recognize the same repeating epitope on the same target or on different targets.
Non-limiting examples of suitable epitope binding agents, depending upon the target(s),
include agents selected from the group consisting of an aptamer, an antibody, an
antibody fragment, a double-stranded DNA sequence, a ligand, a ligand fragment, a
receptor, a receptor fragment, a polypeptide, a peptide, a coenzyme, a coregulator, an
allosteric molecule, and an ion. In an exemplary embodiment, R, R'® and R? are each
antibodies.

[0035] In an additional embodiment for molecular biosensors having formula

(1), exemplary linkers, R' and R?', will functionally keep R'" and R?? in close proximity

12
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such that when R? and R?° each bind to the repeating epitopes on the target(s), R'' and
R?2 associate in a manner such that a detectable signal is produced by the detection
means, R'? and R®. In addition, exemplary linkers, R" and R"’, will functionally keep
R™ and R'® in close proximity such that when R® and R'® each bind to the repeating
epitopes on the target(s), R'* and R'® associate in a manner such that a detectable
signal is produced by the detection means, R' and R". In one embodiment, the linkers
utilized in molecular biosensors having formula (II) may each be a nucleotide sequence
from about 10 to about 100 nucleotides in length. In one embodiment, the linkers are
from 10 to about 25 nucleotides in length. In another embodiment, the linkers are from
about 25 to about 50 nucleotides in length. In a further embodiment, the linkers are
from about 50 to about 75 nucleotides in length. In yet another embodiment, the linkers
are from about 75 to about 100 nucleotides in length. In each embodiment, the
nucleotides comprising the linkers may be any of the nucleotide bases in DNA or RNA
(A, C, T, G inthe case of DNA, or A, C, U, G in the case of RNA). In one embodiment,
the linkers are comprised of DNA bases. In another embodiment, the linkers are
comprised of RNA bases. In yet another embodiment, the linkers are comprised of
modified nucleic acid bases, such as modified DNA bases or modified RNA bases.
Examples of suitable modified DNA or RNA bases include 2’-fluoro nucleotides, 2'-
amino nucleotides, 5’-aminoallyl-2’-fluoro nucleotides and phosphorothioate
nucleotides. Alternatively, the linkers may be a polymer of bifunctional chemical linkers.
In one embodiment the bifunctional chemical linker is heterobifunctional. Suitable
heterobifunctional chemical linkers include sulfoSMCC (Sulfosuccinimidyl-4-(N-
maleimidomethyl)cyclohexane-1-carboxylate), and Ic-SPDP( N-Succinimidyl-6-(3'-(2-
PyridylDithio)-Propionamido)-hexanoate). In another embodiment the bifunctional
chemical linker is homobifunctional. Suitable homobifunctional linkers include
disuccinimidyl suberate, disuccinimidyl glutarate, and disuccinimidyl tartrate. Additional
suitable linkers are illustrated in the Examples, such as the phosphoramidate form of
Spacer 18 comprised of polyethylene glycol. In one embodiment, the linkers are from 0
to about 500 angstroms in length. In another embodiment, the linkers are from about 20
to about 400 angstroms in length. In yet another embodiment, the linkers are from

about 50 to about 250 angstroms in length.
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[0036] In a further embodiment for molecular biosensors having formula (ll),
R" and R?? are complementary nucleotide sequences having a length such that they
preferably do not associate unless R? and R bind to separate repeating epitopes on
the target(s). In addition, R' and R'® are complementary nucleotide sequences having
a length such that they preferably do not associate unless R® and R'® bind to separate
repeating epitopes on the target(s). R'" and R¥ and R and R'® may be from about 2
to about 20 nucleotides in length. In another embodiment, R'' and R* and R'* and R™®
are from about 4 to about 15 nucleotides in length. In an exemplary embodiment, R"
and R and R" and R"® are from about 5 to about 7 nucleotides in length. In one
embodiment, R'"" and R and R' and R'® have a free energy for association from about
5.5 kcal/mole to about 8.0 kcal/mole as measured in the selection buffer conditions,
defined below. In another embodiment, R' and R# and R and R'® have a free energy
for association from about 6.0 kcal/mole to about 8.0 kcal/mole as measured in the
selection buffer conditions defined below. In yet another embodiment, R'" and R and
R™ and R'® have a free energy for association from about 7.0 kcal/mole to 8.0
kcal/mole in the selection buffer conditions. In a preferred embodiment, R'" and R*2
and R and R'® have a free energy for association of 7.5 kcal/mole in the selection
buffer conditions described below. Preferably, in each embodiment R'' and R* and R™
and R'® are not complementary to any of R, R" or R%.

[0037] In a typical embodiment for molecular biosensors having formula (ll),
R' and R?® may together comprise several suitable detection means such that when
R'" and R*? associate, a detectable signal is produced. In addition, R'® and R'® may
together comprise several suitable detection means such that when R'* and R™®
associate, a detectable signal is produced. Exemplary detections means suitable for
use in the molecular biosensors include FRET, fluorescence cross-correlation
spectroscopy, flourescence quenching, fluorescence polarization, flow cytometry,
scintillation proximity, luminescence resonance energy transfer, direct quenching,
ground-state complex formation, chemiluminescence energy transfer, bioluminescence
resonance energy transfer, excimer formation, colorimetric substrates detection,

phosphorescence, electro-chemical changes, and redox potential changes.
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(c) three-component molecular biosensors

[0038] Another embodiment of the invention comprises three-component
molecular biosensors. These biosensors, in addition to having at least two epitope
binding agent constructs, further comprise an oligonucleotide construct, referred to
below as “O.” In certain embodiments, the three-component molecular biosensor will
comprise an endonuclease restriction site. In alternative embodiments, the three-

component molecular biosensor will not have an endonuclease restriction site.

i. _biosensors with no endonuclease restriction site

[0039] In one embodiment, the three-component biosensor will comprise: (1)
a first epitope binding agent construct that binds to a repeating epitope on a target, a
first linker, a first signaling oligo, and a first detection means; (2) a second epitope
binding agent construct that binds to the same repeating epitope on the target, a second
linker, a second signaling oligo, and a second detection means; and (3) an
oligonucleotide construct that comprises a first region that is complementary to the first
oligo and a second region that is complementary to the second oligo. The first signaling
oligo and second signaling oligo, as such, are not complementary to each other, but are
complementary to two distinct regions on the oligonucleotide construct. Co-association
of the two epitope-binding agent constructs with the target results in hybridization of
each signaling oligos to the oligonucleotide construct. Binding of the two signaling oligo
to the oligonucleotide construct brings them into proximity such that a detectable signal
is produced.
[0040] In an exemplary embodiment, the three-component molecular
biosensor comprises three nucleic acid constructs, which together have formula (lll):
R24-R25-R26-R27;
R28_R29_R30_R31 :
O (1)
wherein:
R* is an epitope-binding agent that binds to repeating epitope on a target;
R? is a flexible linker attaching R** to R%;
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R?% and R* are a pair of nucleotide sequences that are not
complementary to each other, but are complementary to two distinct regions on

O;

R? and R*' together comprise a detection means such that when R* and

R* associate a detectable signal is produced;

R? is an epitope-binding agent that binds to the same epitope on the

target as R*;

R* is a flexible linker attaching R® to R*; and
O is a nucleotide sequence comprising a first region that is

complementary to R*, and a second region that is complementary to R*.

[0041] The choice of epitope binding agents, R** and R?®, in molecular
biosensors having formula (111) can and will vary depending upon the particular target.
By way of example, when the target is a protein, R** and R?® may be an aptamer, or
antibody. By way of further example, when R** and R?® are double stranded nucleic
acid the target is typically a macromolecule that binds to DNA or a DNA binding protein.
In general, suitable choices for R?** and R® will include two agents that each recognize
the same repeating epitope on the same target. In certain embodiments, however, it is
also envisioned that R** and R?® may recognize distinct epitopes on different targets.
Non-limiting examples of suitable epitope binding agents, depending upon the target,
include agents selected from the group consisting of an aptamer, an antibody, an
antibody fragment, a double-stranded DNA sequence, modified nucleic acids, nucleic
acid mimics, a ligand, a ligand fragment, a receptor, a receptor fragment, a polypeptide,
a peptide, a coenzyme, a coregulator, an allosteric molecule, and an ion. In an
exemplary embodiment, R** and R? are each antibodies selected from the group
consisting of polyclonal antibodies, ascites, Fab fragments, Fab’ fragments, monoclonal
antibodies, chimeric antibodies, and humanized antibodies. In another embodiment, R**
and R?® are each aptamers. In an alternative embodiment, R** and R?® are peptides. In
a preferred alternative of this embodiment, R** and R?® are each monoclonal antibodies.
In an additional embodiment, R** and R?® are each double stranded DNA. In a further

embodiment, R?* is a double stranded nucleic acid and R?® is an aptamer. In an

16



WO 2010/059820 PCT/US2009/065142

additional embodiment, R** is an antibody and R® is an aptamer. In another additional
embodiment, R** is an antibody and R?® is a double stranded DNA.

[0042] In an additional embodiment for molecular biosensors having formula
(1), exemplary linkers, R* and R*® may each be a nucleotide sequence from about 10
to about 100 nucleotides in length. In one embodiment, R* and R? are from 10 to
about 25 nucleotides in length. In another embodiment, R? and R® are from about 25 to
about 50 nucleotides in length. In a further embodiment, R and R? are from about 50
to about 75 nucleotides in length. In yet another embodiment, R® and R? are from
about 75 to about 100 nucleotides in length. In each embodiment, the nucleotides
comprising the linkers may be any of the nucleotide bases in DNA or RNA (A, C, T, G in
the case of DNA, or A, C, U, G in the case of RNA). In one embodiment R* and R*
are comprised of DNA bases. In another embodiment, R?®> and R* are comprised of
RNA bases. In yet another embodiment, R® and R? are comprised of modified nucleic
acid bases, such as modified DNA bases or modified RNA bases. Modifications may
occur at, but are not restricted to, the sugar 2’ position, the C-5 position of pyrimidines,
and the 8-position of purines. Examples of suitable modified DNA or RNA bases include
2'-fluoro nucleotides, 2’-amino nucleotides, 5-aminoallyl-2’-fluoro nucleotides and
phosphorothioate nucleotides (monothiophosphate and dithiophosphate). In a further
embodiment, R?® and R?® may be nucleotide mimics. Examples of nucleotide mimics
include locked nucleic acids (LNA), peptide nucleic acids (PNA), and
phosphorodiamidate morpholino oligomers (PMO).

[0043] Alternatively, R® and R*® may be a polymer of bifunctional chemical
linkers. In one embodiment the bifunctional chemical linker is heterobifunctional.
Suitable heterobifunctional chemical linkers include sulfoSMCC (Sulfosuccinimidyl-4-(N-
maleimidomethyl)cyclohexane-1-carboxylate), and lc-SPDP( N-Succinimidyl-6-(3'-(2-
PyridyIDithio)-Propionamido)-hexanoate). In another embodiment the bifunctional
chemical linker is homobifunctional. Suitable homobifunctional linkers include
disuccinimidyl suberate, disuccinimidyl glutarate, and disuccinimidyl tartrate. Additional
suitable linkers are illustrated in the Examples, such as the phosphoramidate form of
Spacer 18 comprised of polyethylene glycol. In one embodiment, R* and R?® are from

0 to about 500 angstroms in length. In another embodiment, R® and R*® are from
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about 20 to about 400 angstroms in length. In yet another embodiment, R?®> and R*® are
from about 50 to about 250 angstroms in length.

[0044] In a further embodiment for molecular biosensors having formula (111),
R? and R* are nucleotide sequences that are not complementary to each other, but
that are complementary to two distinct regions of O. R and R* may be from about 2
to about 20 nucleotides in length. In another embodiment, R* and R* are from about 4
to about 15 nucleotides in length. In an exemplary embodiment, R® and R*° are from
about 5 to about 7 nucleotides in length. Preferably, in each embodiment R* and R¥
are not complementary to R** and R%.

[0045] In a typical embodiment for molecular biosensors having formula (lll),
R? and R*' may together comprise several suitable detection means such that when
R? and R*® each bind to complementary, distinct regions on O, a detectable signal is
produced. Exemplary detections means suitable for use in the molecular biosensors
include fluorescent resonance energy transfer (FRET), lanthamide resonance energy
transfer (LRET), fluorescence cross-correlation spectroscopy, flourescence quenching,
fluorescence polarization, flow cytometry, scintillation proximity, luminescence
resonance energy transfer, direct quenching, ground-state complex formation,
chemiluminescence energy transfer, bioluminescence resonance energy transfer,
excimer formation, colorimetric substrates detection, phosphorescence, electro-
chemical changes, and redox potential changes.

[0046] For molecular biosensors having formula (lll), O comprises a first
region that is complementary to R?, and a second region that is complementary to R*.
O may be from about 8 to about 100 nucleotides in length. In other embodiments, O is
from about 10 to about 15 nucleotides in length, or from about 15 to about 20
nucleotides in length, or from about 20 to about 25 nucleotides in length, or from about
25 to about 30 nucleotides in length, or from about 30 to about 35 nucleotides in length,
or from about 35 to about 40 nucleotides in length, or from about 40 to about 45
nucleotides in length, or from about 45 to about 50 nucleotides in length, or from about
50 to about 55 nucleotides in length, or from about 55 to about 60 nucleotides in length,
or from about 60 to about 65 nucleotides in length, or from about 65 to about 70

nucleotides in length, or from about 70 to about 75 nucleotides in length, or from about
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75 to about 80 nucleotides in length, or from about 80 to about 85 nucleotides in length,
or from about 85 to about 90 nucleotides in length, or from about 90 to about 95
nucleotides in length, or greater than about 95 nucleotides in length.
[0047] In an exemplary embodiment, O will comprise formula (IV):
R32_R33_R34_R35_R36
(IV)
wherein:
R*, R*, and R are nucleotide sequences not complementary to any of
R%® R* R*®, or R*®. R* R*, and R* may independently be from about 2 to
about 20 nucleotides in length. In other embodiments, R*, R*, and R* may
independently be from about 2 to about 4 nucleotides in length, or from about 4
to about 6 nucleotides in length, or from about 6 to about 8 nucleotides in length,
or from about 8 to about 10 nucleotides in length, or from about 10 to about 12
nucleotides in length, or from about 12 to about 14 nucleotides in length, or from
about 14 to about 16 nucleotides in length, or from about 16 to about 18
nucleotides in length, or from about 18 to about 20 nucleotides in length, or
greater than about 20 nucleotides in length;
R* is a nucleotide sequence complementary to R%®, and

R% is a nucleotide sequence that is complementary to R¥.

[0048] R* and R* generally have a length such that the free energy of
association between R** and R* and R* and R* is from about —5 to about -12
kcal/mole at a temperature from about 21° C to about 40° C and at a salt concentration
from about 1 mM to about 100 mM. In other embodiments, the free energy of
association between R* and R* and R* and R* is about —5 kcal/mole, about -6
kcal/mole, about —7 kcal/mole, about —8 kcal/mole, about -9 kcal/mole, about —10
kcal/mole, about —11 kcal/mole, or greater than about —12 kcal/mole at a temperature
from about 21° C to about 40° C and at a salt concentration from about 1 mM to about
100 mM. In additional embodiments, R* and R* may range from about 4 to about 20
nucleotides in length. In other embodiments, R** and R** may about 4, about 5, about
6, about 7, about 8, about 9, about 10, about 11, about 12, about 13, about 14, about
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15, about 16, about 17, about 18, about 19, or greater than about 10 nucleotides in

length.

ii. biosensors with an endonuclease restriction site

[0049] In an alternative embodiment, the three-component biosensor will
comprise: (1) a first epitope binding agent construct that binds to a repeating epitope on
a target, a first linker, and a first signaling oligo; (2) a second epitope binding agent
construct that binds to the same repeating epitope on the target, a second linker, a
second signaling oligo and (3) an oligonucleotide construct that comprises a first region
that is complementary to the first oligo, a second region that is complementary to the
second oligo, two flexible linkers, an endonuclease restriction site overlapping the first
and the second regions complementary to the first and the second oligos, and a pair of
complementary nucleotides with detection means. The first signaling oligo and second
signaling oligo are not complementary to each other, but are complementary to two
distinct regions on the oligonucleotide construct. When the oligonucleotide construct is
intact, the complementary nucleotides are annealed and produce a detectable signal.
Co-association of the two epitope-binding agent constructs with the target results in
hybridization of each signaling oligo to the oligonucleotide construct. The signaling
oligos hybridize to two distinct locations on the oligonucleotide construct such that a
double-stranded DNA molecule containing the restriction site is produced, with a gap
between the signaling oligos located exactly at the site of endonuclease cleavage in one
strand of the double-stranded DNA substrate. When a restriction endonuclease is
present, accordingly, it will cleave the oligonucleotide construct only when the target is
present (i.e., when the signaling oligos are bound to the oligonucleotide construct).
Upon this cleavage, the detection means present on the oligonucleotide are separated-
resulting in no detectable signal. Upon dissociation of the cleaved oligonucleotide
construct, another oligonucleotide construct may hybridize with the signaling oligos of
the two epitope-binding agents co-associated with the target and the cleavage reaction
may be repeated. This cycle of hybridization and cleavage may be repeated many
times resulting in cleavage of multiple oligonucleotide constructs per one complex of the

two epitope-binding agents with the target.
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[0050] In an exemplary alternative of this embodiment, the three-component

molecular biosensor comprises three nucleic acid constructs, which together have

formula (V):
R36_R37_R38 .
R39_R4_R#-
O (V)
wherein:

R%* is an epitope-binding agent that binds to a repeating epitope on a
target;

R* is a flexible linker attaching R* to R,

R* and R*'! are a pair of nucleotide sequences that are not
complementary to each other, but are complementary to two distinct regions on
O;

R* is an epitope-binding agent that binds to the same repeating epitope
on the target;

R* is a flexible linker attaching R* to R*'; and
O comprises:

R42_R43_R44_R45_R46

R* is a nucleotide construct comprising an endonuclease restriction site,
a first region that is complementary to R*, and a second region that is
complementary to R*'.

R* is a first flexible linker;

R* is a first nucleotide sequence that is complementary to R* attached to
a detection means;

R* is a second flexible linker;

R* is a second nucleotide sequence that is complementary to R**
attached to a second detection means; and

R* attaches R* to R* and R*° attaches R** to R*.

[0051] Suitable linkers, epitope binding agents, and detection means for
three-component molecular biosensors having formula (V) are the same as three

component molecular biosensors having formula (lll). Suitable, endonuclease
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restriction sites comprising R* include sites that are recognized by restriction enzymes
that cleave double stranded nucleic acid, but not single stranded nucleic acid. By way
of non-limiting example, these sites may include Accl, Agel, BamHI|, Bgl, Bgll, BsiW,
BstBI, Clal, CviQI, Ddel, Dpnl, Dral, Eagl, EcoRI, EcoRV, Fsel, Fspl, Haell, Haelll,
Hhal, Hinc Il, HinDIIIl, Hpal, Hpall, Kpnl, Kspl, Mbol, Mfel, Nael, Narl, Ncol, Ndel, Nhel,
Notl, Phol, Pstl, Pvul, Pvull, Sacl, Sacll, Sall, Sbfl, Smal, Spel, Sphl, Stul, Taql, Tfil,
Tlil, Xbal, Xhol, Xmal, Xmnl, and Zral. Optionally, R** may comprise nucleotide
spacers that precede or follow one or more of the endonuclease restriction site, the first
region that is complementary to R*®, and/or the second region that is complementary to

R*'. Suitable nucleotide spacers, for example, are detailed in formula (IV).

Il. Methods of using the Molecular Biosensors

[0052] A further aspect of the invention encompasses the use of the
molecular biosensors of the invention in several applications. In certain embodiments,
the molecular biosensors are utilized in methods for detecting one or more targets. In
other embodiments, the molecular biosensors may be utilized in kits and for therapeutic
applications.

[0053] Typically, a signal produced by a biosensor of the invention may be
detectable in about 1, 2, 3, 4, 5, 6, 7, 8, 9, or 10 minutes. In certain embodiments, 80%
of the maximum signal may be produced in about 3, 4, 5, 6, 7 or 8 minutes. In other
embodiments, the maximum signal may be produced in about 5, 10, 15, 20, 25, 30, 35,

40, or 45 minutes.

(a) detection methods

[0054] In one embodiment, the molecular biosensors may be utilized for the
detection of a target. The method generally involves contacting a molecular biosensor
of the invention with the target. To detect a target, the method typically involves target-
molecule induced co-association of two epitope-binding agents (present on the
molecular biosensor of the invention) that each recognize the same repeating epitope
on the target. The epitope-binding agents each comprise complementary signaling

oligonucleotides that are labeled with detection means and are attached to the epitope
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binding agents through a flexible linker. Co-association of the two epitope-binding
agents with the target results in bringing the two signaling oligonucleotides into
proximity such that a detectable signal is produced. Typically, the detectable signal is
produced by any of the detection means known in the art or as described herein.

[0055] In one particular embodiment, a method for the detection of a target
that is a protein or polypeptide is provided. The protein or polypeptide comprises a
repeating epitope. The method generally involves detecting a protein or polypeptide in a
sample comprising the steps of contacting a sample with a molecular biosensor of the
invention.

[0056] In another embodiment, the molecular biosensors may be used to
detect a target that is a macromolecular complex in a sample. In this embodiment, the
repeating epitope is preferably on each component of the macromolecular complex,
such that when the complex is formed, the epitope-binding agents that recognize the
repeating epitope are bought into proximity, resulting in the stable interaction of the first
signaling oligo and the second signaling oligo to produce a detectable signal, as
described above.

(b) solid surfaces

[0057] Optionally, the invention also encompasses a solid surface having
one or more of the the molecular constructs of the invention attached thereto. Non-
limiting examples of suitable surfaces include microtitre plates, test tubes, beads, resins
and other polymers, as well as other surfaces either known in the art or described
herein. In one embodiment, the solid surface comprises a nucleic acid sequence that is
complementary to a signaling oligo of one or more molecular constructs, as described in
the examples. Therefore, when the epitope binding agent recognizes the target
comprising repeating epitopes, the signaling oligo of the molecular construct binds to
the immobilized nucleic acid sequence. The binding may be detected by any means
detailed above or in the examples.

[0058] In another embodiment the solid surface utilizes a three-component
biosensor. In this embodiment, the oligonucleotide construct may be immobilized on a

solid surface. The first epitope binding agent and second epitope binding agent are
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contacted with the surface comprising immobilized O and a sample that may comprise a
target. In the presence of target, the first epitope binding agent, second epitope binding
agent, and target bind to immobilized O to form a complex. Several methods may be
utilized to detect the presence of the complex comprising target. The method may
include detecting a probe attached to the epitope-binding agents after washing out the
unbound components. Alternatively, several surface specific real-time detection
methods may be employed, including but not limited to surface plasmon resonance
(SPR) or total internal reflection fluorescence (TIRF).

[0059] The oligonucleotide construct, O, may be immobilized to several
types of suitable surfaces. The surface may be a material that may be modified to
contain discrete individual sites appropriate for the attachment or association of the
three-component biosensor and is amenable to at least one detection method. Non-
limiting examples of surface materials include glass, modified or functionalized glass,
plastics (including acrylics, polystyrene and copolymers of styrene and other materials,
polypropylene, polyethylene, polybutylene, polyurethanes, Teflond, etc.), nylon or
nitrocellulose, polysaccharides, nylon, resins, silica or silica-based materials including
silicon and modified silicon, carbon, metals, inorganic glasses and plastics. The size
and shape of the surface may also vary without departing from the scope of the
invention. A surface may be planar, a surface may be a well, i.e. a 364 well plate, or
alternatively, a surface may be a bead or a slide.

[0060] The oligonucleotide construct, O, may be attached to the surface in a
wide variety of ways, as will be appreciated by those in the art. O, for example, may
either be synthesized first, with subsequent attachment to the surface, or may be
directly synthesized on the surface. The surface and O may be derivatized with
chemical functional groups for subsequent attachment of the two. For example, the
surface may be derivatized with a chemical functional group including, but not limited to,
amino groups, carboxyl groups, oxo groups or thiol groups. Using these functional
groups, the O may be attached using functional groups either directly or indirectly using
linkers. Alternatively, O may also be attached to the surface non-covalently. For
example, a biotinylated O can be prepared, which may bind to surfaces covalently

coated with streptavidin, resulting in attachment. Alternatively, O may be synthesized
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on the surface using techniques such as photopolymerization and photolithography.
Additional methods of attaching O to a surface and methods of synthesizing O on
surfaces are well known in the art, i.e. VLSIPS technology from Affymetrix (e.g., see
U.S. Patent 6,566,495, and Rockett and Dix, “DNA arrays: technology, options and
toxicological applications,” Xenobiotica 30(2):155-177, all of which are hereby

incorporated by reference in their entirety).

(c) use of biosensors with no detection means

[0061] Alternatively, in certain embodiments it is contemplated that the
molecular biosensor may not include a detections means. By way of example, when
the molecular biosensor is a bivalent antibody construct, the bivalent antibody construct
may not have labels for detection. It is envisioned that these alternative bivalent
constructs may be used much like antibodies to detect molecules, bind molecules,
purify molecules (as in a column or pull-down type of procedure), block molecular
interactions, facilitate or stabilize molecular interactions, or confer passive immunity to
an organism. It is further envisioned that the bivalent antibody construct can be used
for therapeutic purposes. This invention enables the skilled artisan to build several
combinations of antibodies that recognize any repeating epitope from any number of
molecules into a bivalent, trivalent, or other multivalent aptamer construct to pull
together those disparate molecules to test the effect or to produce a desired therapeutic

outcome.

(d) kits

[0062] In another embodiment, the invention is directed to a kit comprising a
first epitope binding agent, to which is attached a first label, and a second epitope
binding agent, to which is attached a second label, wherein (a) when the first epitope
binding agent and the second epitope binding agent bind to a repeating epitope of the
polypeptide, (b) the first label and the second label interact to produce a detectable
signal. In a preferred embodiment the epitope-binding agent is an antibody construct,
which comprises an antibody, a label and a signaling oligo. However, the epitope-

binding agent may be an antibody fragment, an aptamer, or a peptide. The kit is useful
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in the detection of targets comprising a repeating epitope, and as such, may be used in
research or medical/veterinary diagnostics applications. In particular, the kit may be
used to detect microbial organisms, such as bacteria, viruses, and fungi.

(e) diagnostics

[0063] In yet another embodiment, the invention is directed to a method of
diagnosing a disease comprising the steps of (a) obtaining a sample from a patient, (b)
contacting the sample with a first epitope binding agent construct and a second epitope
binding agent construct, and (c) detecting the presence of a polypeptide, microbial
organism, or macromolecular complex in the sample using a detection method, wherein
the presence of the polypeptide, microbial organism, or macromolecular complex in the
sample indicates whether a disease is present in the patient. In a one embodiment, (a)
the first epitope binding agent construct is a first antibody to which a first label and a first
signaling oligo are attached, (b) the second epitope binding agent construct is a second
antibody to which a second label and a second signaling oligo, which is complementary
to the first signaling oligo, are attached, and (c) the detection method is a fluorescence
detection method, wherein, (d) when the first antibody binds to the polypeptide and the
second antibody binds to the polypeptide, (e) the first signaling oligo and the second
signaling oligo associate with each other, and (f) the first label is brought into proximity
to the second label such that a change in fluorescence occurs.

[0064] In another embodiment, (a) the first epitope binding agent construct
is a first peptide to which a first label and a first signaling oligo are attached, (b) the
second epitope binding agent construct is a second peptide to which a second label and
a second signaling oligo, which is complementary to the first signaling oligo, are
attached, and (c) the detection method is a fluorescence detection method, wherein, (d)
when the first peptide binds to the polypeptide and the second peptide binds to the
polypeptide, (e) the first signaling oligo and the second signaling oligo associate with
each other, and (f) the first label is brought into proximity to the second label such that a
change in fluorescence occurs.

[0065] In other embodiments, the first epitope binding agent and the second

epitope-binding agents are different types of epitope binding agents (i.e. an antibody
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and a peptide, an aptamer and an antibody, etc.). Preferred samples include blood,
urine, ascites, cells and tissue samples/biopsies. Preferred patients include humans,
farm animals and companion animals.

[0066] In yet another embodiment, the invention is directed to a method of
screening a sample for targets comprising the steps of (a) contacting a sample with a
first epitope binding agent construct and a second epitope binding agent construct, and
(b) detecting the presence of a target in the sample using a detection method.
Preferred targets include a polypeptide, which comprises a repeating epitope, and a
microbial organism. In one embodiment, (a) the first epitope binding agent is a first
antibody to which a first label and a first signaling oligo are attached, (b) the second
epitope binding agent is a second antibody to which a second label and a second
signaling oligo, which is complementary to the first signaling oligo, are attached, and (c)
the detection method is a fluorescence detection method, wherein, (d) when the first
antibody binds to the polypeptide and the second antibody binds to the polypeptide, (e)
the first signaling oligo and the second signaling oligo associate with each other, and (f)
the first label is brought into proximity to the second label such that a change in
fluorescence occurs.

[0067] In another embodiment, (a) the first epitope binding agent is a first
peptide to which a first label and a first signaling oligo are attached, (b) the second
epitope binding agent is a second peptide to which a second label and a second
signaling oligo, which is complementary to the first signaling oligo, are attached, and (c)
the detection method is a fluorescence detection method, wherein, (d) when the first
peptide binds to the polypeptide and the second peptide binds to the polypeptide, (e)
the first signaling oligo and the second signaling oligo associate with each other, and (f)
the first label is brought into proximity to the second label such that a change in
fluorescence occurs.

[0068] In other embodiments, the first epitope binding agent and the second
epitope-binding agents are different types of epitope binding agents (i.e. an antibody
and a peptide, an aptamer and an antibody, etc.).
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DEFINITIONS

[0069] The term “antibody” generally means a polypeptide or protein that
recognizes and can bind to an epitope of an antigen. An antibody, as used herein, may
be a complete antibody as understood in the art, i.e., consisting of two heavy chains
and two light chains, or be selected from a group comprising polyclonal antibodies,
ascites, Fab fragments, Fab’ fragments, monoclonal antibodies, humanized antibodies,
and a peptide comprising a hypervariable region of an antibody.

[0070] The term “aptamer” refers to a polynucleotide, generally a RNA or a
DNA that has a useful biological activity in terms of biochemical activity, molecular
recognition or binding attributes. Usually, an aptamer has a molecular activity such as
binding to a target at a specific epitope (region). It is generally accepted that an
aptamer, which is specific in its binding to any polypeptide, may be synthesized and/or
identified by in vitro evolution methods.

[0071] As used herein, “detection method” means any of several methods
known in the art to detect a molecular interaction event. The phrase “detectable signal”,
as used herein, is essentially equivalent to “detection method.” Detection methods
include detecting changes in mass (e.g., plasmin resonance), changes in fluorescence
(e.g., FRET, FCCS, fluorescence quenching or increasing fluorescence, fluorescence
polarization, flow cytometry), enzymatic activity (e.g., depletion of substrate or formation
of a product, such as a detectable dye — NBT-BCIP system of alkaline phosphatase is
an example), changes in chemiluminescence or scintillation (e.g., scintillation proximity
assay, luminescence resonance energy transfer, bioluminescence resonance energy
transfer and the like), and ground-state complex formation, excimer formation,
colorimetric substance detection, phosphorescence, electro-chemical changes, and
redox potential changes.

[0072] The term “epitope” refers generally to a particular region of a target.
Examples include an antigen, a hapten, a molecule, a polymer, a prion, a microbe, a
cell, a peptide, polypeptide, protein, a ligand, a receptor, or macromolecular complex.
An epitope may consist of a small peptide derived from a larger polypeptide. An epitope

may be a two or three-dimensional surface or surface feature of a polypeptide, protein
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or macromolecular complex that comprises several non-contiguous peptide stretches or
amino acid groups.

[0073] The term “epitope binding agent” refers to a substance that is
capable of binding to a specific epitope of an antigen, a polypeptide, a protein or a
macromolecular complex. Non-limiting examples of epitope binding agents may include
aptamers, double-stranded DNA sequence, ligands and fragments of ligands, receptors
and fragments of receptors, antibodies and fragments of antibodies, polynucleotides,
coenzymes, coregulators, allosteric molecules, and ions.

[0074] The term “epitope binding agent construct” refers to a construct that
contains an epitope-binding agent and can serve in a “molecular biosensor” with
another molecular biosensor. Preferably, an epitope binding agent construct also
contains a “linker,” and a “signaling oligo”. Epitope binding agent constructs can be
used to initiate the aptamer selection methods of the invention. A first epitope binding
agent construct and a second epitope binding agent construct may be joined together
by a “linker” to form a “bivalent epitope binding agent construct.” An epitope binding
agent construct can also be referred to as a molecular recognition construct. An
aptamer construct is a special kind of epitope binding agent construct wherein the
epitope binding agent is an aptamer.

[0075] The term “label”, as used herein, refers to any substance attachable
to a polynucleotide, polypeptide, aptamer, nucleic acid component, or other substrate
material, in which the substance is detectable by a detection method. Non-limiting
examples of labels applicable to this invention include but are not limited to luminescent
molecules, chemiluminescent molecules, fluorochromes, fluorescent quenching agents,
colored molecules, radioisotopes, scintillants, massive labels (for detection via mass
changes), biotin, avidin, streptavidin, protein A, protein G, antibodies or fragments
thereof, Grb2, polyhistidine, Ni2+, Flag tags, myc tags, heavy metals, enzymes, alkaline
phosphatase, peroxidase, luciferase, electron donors/acceptors, acridinium esters, and
colorimetric substrates. The skilled artisan would readily recognize other useful labels
that are not mentioned above, which may be employed in the operation of the present

invention.
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[0076] As used herein, the term “macromolecular complex” refers to a
composition of matter comprising a macromolecule. Preferably, these are complexes of
one or more macromolecules, such as polypeptides, lipids, carbohydrates, nucleic
acids, natural or artificial polymers and the like, in association with each other. The
association may involve covalent or non-covalent interactions between components of
the macromolecular complex. Macromolecular complexes may be relatively simple,
such as a ligand bound polypeptide, relatively complex, such as a lipid raft, or very
complex, such as a cell surface, virus, bacteria, spore and the like. Macromolecular
complexes may be biological or non-biological in nature.

[0077] The term “molecular biosensor” and “molecular beacon” are used
interchangeably herein to refer to a construct comprised of at least two epitope binding
agent constructs. The molecular biosensor can be used for detecting or quantifying the
presence of a target using a chemical-based system for detecting or quantifying the
presence of an analyte, a prion, a protein, a nucleic acid, a lipid, a carbohydrate, a
biomolecule, a macromolecular complex, a fungus, a microbial organism, or a
macromolecular complex comprised of biomolecules using a measurable read-out
system as the detection method.

[0078] The term “signaling oligo” means a short (generally 2 to 15
nucleotides, preferably 5 to 7 nucleotides in length) single-stranded polynucleotide.
Signaling oligos are typically used in pairs comprising a first signaling oligo and a
second signaling oligo. Preferably, the first signaling oligo sequence is complementary
to the second signaling oligo. Preferably, the first signaling oligo and the second
signaling oligo can not form a stable association with each other through hydrogen
bonding unless the first and second signaling oligos are brought into close proximity to
each other through the mediation of a third party agent.

EXAMPLES
[0079] The following examples illustrate various iterations of the invention.
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Example 1: General biosensor design

[0080] The overall design of molecular biosensors is illustrated in Fig. 1.
This concept is derived from molecular beacons for detecting DNA binding proteins and
from aptamer-based molecular beacons for detecting proteins that were previously
developed [12-15]. A pair of antibodies recognizing non-overlapping epitopes of the
protein is labeled with a pair of short complementary signaling oligonucleotides using a
long flexible PEG-based crosslinker, respectively. Oligonucleotides are modified with a
pair of fluorophores that may function as a donor and an acceptor in Fluorescence
Resonance Energy Transfer (FRET) [16]. In the presence of the target protein both
antibodies will bind to the target resulting in a great increase of the local concentration
of signaling oligonucleotides. This in turn will lead to annealing of the oligonucleotides
bringing the fluorophores to close proximity resulting in efficient FRET that can be used
as a signal for target protein detection. Recent quantitative analysis of binding
properties of the ligands containing long flexible linkers indicated that linkers with the
lengths of tens of nanometers should be compatible with the design illustrated in Fig.
1A. Such long linkers should allow enough of room and flexibility for effective formation
of complexes containing two antibodies and even very large protein.

[0081] Cardiac troponin | has been used as a target protein to demonstrate
feasibility of the sensors depicted in Fig. 1A. When the labeled antibodies were mixed
in the absence of cardiac troponin, no significant FRET signal was observed when
fluorescence spectra of donor-labeled antibody in the absence and the presence of
acceptor-labeled antibody were compared (Fig. 1B). Upon addition of troponin, a large
FRET signal was observed illustrated by several fold increase of emission at 670 nm
with the excitation at 490 nm and quenching of donor emission at 520 nm. This signal
allowed very sensitive (down to ~ 40 pM troponin) detection of the protein (Fig. 1C).
Specificity of the sensor for cardiac troponin was tested. No FRET signal was observed
when nonspecific related control protein (porcine muscle troponin) was added to the
sensor whereas a robust response with cardiac troponin was observed. Also, unlabeled
cardiac troponin antibodies acted as competitors in the molecular biosensor assay
indicating that the signal generated by the molecular biosensor in the presence of

troponin was due to specific interactions between labeled antibodies and the protein.
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High specificity of molecular biosensor is expected due to the necessary coincidence of
three molecular events (the recognition of the target protein by each of the two
antibodies and the association of the complementary signaling oligonucleotides) for
generating signal in the presence of the target. In the absence of any one of these, the
sensor will generate no signal. Generality of the sensor design has been confirmed by
using the same blueprint as used in the case of troponin for preparing a successful
sensor for other targets (C-reactive protein, insulin, C-peptide).

Example 2: Antibody-based biosensors for detecting bacteria

[0082] By analogy to the target-protein induced annealing of signaling
oligonucleotides (Fig. 1), it was hypothesized that a similar effect could be produced by
binding of signaling oligonucleotide-labeled antibodies to the repeating epitopes on a
surface of a bacterial cell (Fig. 2). Taking into account the dimensions of the bacterial
cell (~500 - ~3000 nm) and the length of flexible linkers used to attach the
oligonucleotides to the antibodies (10-50 nm), it was expected that even a moderate
density of cell surface epitopes recognized by the antibody should be sufficient to bring
the antibodies into the proximity that would allow annealing of the signaling
oligonucleotides. This would in turn bring the donor and acceptor fluorochromes into the
proximity to produce FRET signal in the presence of target cells. It would seem that
similar to the molecular biosensor sensors for protein targets (Fig. 1) it would be
necessary to have two antibodies (labeled with complementary signaling
oligonucleotides, respectively) to two distinct cell surface epitopes for the assay
depicted in Fig. 2 to work. However, it was hypothesized that it would be sufficient to
use a mixture of the same antibody labeled with two complementary signaling
oligonucleotides, respectively. The reasons for that are illustrated in Fig. 3A.
Complementary oligonucleotides provide additional favorable binding energy when the
antibodies labeled with complementary oligonucleotides bind next to each other. This
energy is absent when the two neighboring antibodies are labeled with the same
signaling oligonucleotide (an arrangement that does not generate FRET signal). Thus,
when a mixture of the same antibody labeled with two complementary signaling

oligonucleotides is used, the design has a built-in selection process whereby the
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antibodies capable of producing FRET signal will be preferentially bound near each
other. The preliminary data described below has fully validated the design illustrated in
Fig. 2.

Example 3: E. coli biosensors

[0083] To obtain proof-of-principle evidence validating the design illustrated
in Figs. 2 and 3A, a series of experiments was performed using E. coli 0157:H7 as
detection targets. Affinity-purified goat polyclonal antibodies specific for E. coli 0157:H7
were obtained from KPL. Two samples of signaling oligonucleotide-labeled antibodies
were prepared for each of the above antibodies. One was modified (via a long flexible
linker) with a 5’-fluorescein-GCTCAT and the other was modified with a Cy5-modified
complementary signaling oligonucleotide (5’-Cy5-ATGAGC). All fluorescence
measurements were done using Analyst AD fluorescence plate reader (Molecular
Devices, Sunnyvale, CA).

[0084] When a mixture of E. coli 0157:H7 labeled antibodies was incubated
with increasing amounts of E. coli 0157:H7 cells, a large dose-dependent FRET signal
(emission at 670 nm with the excitation at 488 nm) was observed (Fig. 3B). In contrast,
no FRET signal was recorded when the same amounts of E. coli K12 cells were used
demonstrating specificity of the sensor. Fig. 4 shows the results of the three
independent repeats of the assay performed at a wide range of target cells amounts.
Few thousands of target cells were easily detectable using these assay conditions with
high reproducibility (mean CV was 1.7%; range: 0.7-3.9%). No signal with negative
control (E. coli K12) has been detected at any amount of the cells tested. At very high
amounts of the target cells, the FRET signal started to decrease most likely due to the
decrease in the average amount of antibodies bound to each cell due to the depletion of
the free antibody in the reaction mixture. Data shown in Fig. 3A and Fig. 4 demonstrate
the feasibility of the assay design illustrated in Fig. 2.

[0085] The assay design illustrated in Fig. 2 assumes that FRET signal is
generated by annealing of complementary oligonucleotides attached to the antibodies
co-binding to the same cell. The other possibility could be that the FRET signal could be

produced by annealing of signaling oligonucleotides attached to the antibodies bound to
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different cells (i.e. resulting in antibody-induced aggregation of the cells). To investigate
the nature of the FRET signal generated in the presence of the target cells, we have
obtained confocal microscope images of E. coli 0157:H7 cells incubated with the
mixture of antibody labeled with fluorescein and Cy5-modified complementary
oligonucleotides (Fig. 5; donor/acceptor) and the same cells incubated only with the
antibody labeled with fluorescein-modified signaling oligonucleotide that lacks the ability
of crosslinking via annealing of the complementary oligonucleotides (Fig. 5; donor only).
In both cases individual cells and cells aggregates could be found. No increase in cell
aggregation was detected in donor/acceptor sample compared to donor-only sample
arguing against annealing of signaling oligonucleotides between different cells as a
mechanism for FRET signal. Furthermore, large FRET signal could be seen within the
individual cells (Fig. 5, bottom FRET panel). These observations indicate that the major
route for the FRET signal produced in the presence of target cells is the process

schematically illustrated in Fig. 2.

Example 4: Biosensor response time

[0086] One of the important advantages of the sensor design illustrated in
Fig. 2 is the uncomplicated rapid manner by which the assay can be performed. Thus,
in the next experiment the response time of the sensor is determined. Various amounts
of target cells were added to the mixture of antibody labeled with fluorescein and Cy5-
modified complementary oligonucleotides and the FRET signal was monitored as a
function of incubation time (Fig. 6). Maximum FRET signal was obtained after ~ 30 min
incubation. After ~5 min incubation > 80% of the maximal FRET signal was produced
(thus, if necessary, it would be possible to perform the assay with 5 min incubation).
These data confirm the rapid response time the biosensor.

Example 5: Sensitivity

[0087] Detection sensitivity will be one of the important parameters that will
define the practical utility of the biosensors. One way to optimize assay sensitivity could
be to find optimal concentrations of the antibodies. Reducing antibody concentrations

could increase assay sensitivity since a bigger fraction of the total antibody
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concentration may be bound to cells at a given target cell density (provided that the
antibody concentrations are not reduced below the Kd of antibody-antigen complex).
Fig. 7 shows the response of the biosensor at two (lower) antibody concentrations. As
expected, lowering antibody concentrations allowed detection of lower target cell
amounts. It is estimated that using a 5/6.2 nM antibody mixture the sensitivity of
detection was ~150 cells/20 ml assay.

[0088] Methods for bacteria detection often employ some form of sample
enrichment step to enhance detection of low cell amounts. A simple test was performed
to demonstrate that such step can be added to the assay. Two diluted samples of E. coli
0157:H7 were prepared. One (3000 cells/ml; 60 cells/20 ml assay) was below the
detection limit using a sensor employing 20/25 nM mix of labeled antibodies (Fig. 8).
The other (300,000 cells/ml; 6000 cells/20 ml assay) gave relatively low signal with
20/25 nM mix of labeled antibodies (Fig. 8). Both samples were then concentrated ~ 10
fold by a quick spin on a spin column with a semipermeable membrane and were re-
measured. After the spin column treatment, the sample that was previously
undetectable produced easy to measure signal, whereas the signal for the more
concentrated sample (that previously gave relatively low reading) was dramatically
improved (Fig. 8).

Example 6: Biosensor to Salmonella

[0089] In order to demonstrate the generality of the sensor design illustrated
in Fig. 2, we used the same procedure as used in the case of E. coli O157:H7 sensor to
prepare a sensor for a different bacteria (Salmonella typhimurium). Fig. 9 shows that as
in the case of E. coli 0157:H7, a large dose-dependent FRET signal was observed with
Salmonella cells. In contrast, very little FRET signal in the presence of E. coli K12 or E.
coli O157:H7 was observed demonstrating the specificity of the sensor for the target
cells. As in the case of E. coli O157:H7 reproducibility was excellent (mean CV was
1.0%; range: 0.3-2.2%). FRET signal in the case of Salmonella was smaller compared
to E. coli O157:H7 most likely reflecting differences in properties of corresponding
antibodies (for example, different surface density of the epitopes recognized by the

antibodies). Nevertheless, the fact that the same design blueprint applied to two
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different bacteria cells produced functional sensors provides a strong indication of the
generality of the design illustrated in Fig. 2. Kinetics of Salmonella sensor response
(Fig. 10) was similar to that observed for E. coli O157:H7 sensor.

Example 7: Preparation of antibodies with linkers

[0090] Preparation of the antibodies modified with short oligonucleotides via
long flexible linkers is an important step in preparing the biosensors for bacteria. A
reliable procedure to label and purify the antibodies has been developed. Briefly, the
antibody is treated with Traut’s reagent to introduce free —SH groups. 5'-amino labeled
oligonucleotide is reacted with NHS-maleimide bifunctional crosslinker producing
maleimide-containing oligonucleotide that is reacted with —SH containing antibody. A
long flexible linker is introduced to the oligonucleotide either during standard
oligonucleotide synthesis [12] or can be a part of the bifunctional crosslinker. Labeled
antibody is purified by FPLC size exclusion chromatography.

[0091] Evaluating the pros and cons of various sensor design variants will
involve performing the assays with a series of samples containing a range of dilution of
each of the bacterial targets. Performance of the sensor will be evaluated by
determining signal-to-background ratios, sensitivity and specificity of the detection.
Sensitivity will be defined as the lowest amount of the target producing a signal higher
than 3xstandard deviation over the background measured with no target. Specificity will
be evaluated by comparing the signals measured in the presence of a given target with
the signal measured at the same amount of unrelated bacteria.

[0092] Analysis of the properties of ligands with long flexible linkers
indicated that the linkers with a length of up to 50 nm should produce a functional
sensor when used to attach the oligonucleotides to the antibody. However, these
conclusions are based on experiments performed in solution using a simple model
system. It is not clear if these conclusions apply to our bacteria sensor design (Fig. 2)
where the antibodies bind to a surface of micrometer-size cell. We will thus compare the
performance of the assays using antibodies labeled with 10, 20, 30, 40 and 50 nm long
linkers. Length of the linker can be manipulated using constructs in which the flexible

linker is incorporated during standard oligonucleotide synthesis [12]. Various lengths of
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the linkers will be tried with all four bacterial targets since it might be possible that the
optimal length of the linker could depend on the surface density of the antigens
recognized by the antibodies. For example, in preliminary experiments we have
observed that the FRET signal obtained in the case of Salmonella was significantly
lower then in the case of E. coli O157:H7. It could be that the FRET signal in the case of

Salmonella could be improved by using different length of the linker.

Example 8: Optimal ratio of oligonucleotide:protein in antibody-oligonucleotide
conjugate

[0093] Fig. 2 schematically depicts antibodies labeled with one
oligonucleotide per protein molecule. In reality, this does not need to be the case - it is
unnecessary to prepare a homogenous preparation of such labeled antibodies. Degree
of labeling of the antibodies can be modulated by changing the concentrations of the
reagents and/or the time of coupling reactions. The performance of the sensors with
antibodies labeled with oligonucleotides to a different degree (from ~1 to ~5
oligonucleotides per antibody) can be compared to find the optimal ratio.

Example 9: Optimal length of the signaling oligonucleotide

[0094] The length of the oligonucleotides used to label the antibody will be
important for optimal functioning of the sensors. To be more precise, it is not the length
but the free energy change for their hybridization to the complementary strand that is
the parameter of interest. If the binding affinity between the two complementary
oligonucleotides used to label the antibody is too large, they will exhibit excessive
target-independent association resulting in high background signal. If the affinity is too
small, the background binding will be small but the target-induced annealing of the
oligonucleotides will be reduced resulting in suboptimal FRET signal in the presence of
target cells. In preliminary experiments, oligonucleotides with hybridization AG at 0.1 M
NaCl of ~ 7.5 kcal/mole were used. While these oligonucleotides worked fine it is not
known if they were optimal. The performance of the sensors utilizing the
oligonucleotides with hybridization AG’s in the range from 6 to 9 kcal/mole will therefore
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be tested to determine the optimal AG value for high signal in the presence of the target

cells and low background in the absence of target.

Example 10: Dry-chemistry approach

[0095] To assure long-term stability, oligonucleotide-labeled antibodies have
been stored frozen at -80°. When stored at 4°, they retain their functionality for at least 2
weeks. These observations demonstrate that the stability of the main component of the
sensors is similar to any other immunological assay and is thus compatible with
practical applications of the sensors. Homogenous assays in microplates can be greatly
simplified by applying a dry-chemistry approach [17, 18]. In this approach the assay
mixture solution is dried into the wells of the microplate. If the assay reagents are
compatible with this procedure, the assay is simplified since it requires only a simple
addition of the sample solution to a microplate well with the dried assay components.
The shelf life of the assay can be increased and the storage requirements simplified
when dry-chemistry approach is applied.

[0096] Thus, the performance of the sensors will be tested using a dry-
chemistry approach. The sensor mixtures (5 ml labeled antibody solution in a buffer
containing 5% sorbitol which was shown to facilitate retention of functional properties of
assay reagents after drying [18]) will be evaporated in the wells of 384-well microplate
overnight in a desiccator over silica gel [17, 18]. The sensitivity of the assays for the four
bacterial targets will be compared using the dry-chemistry assay with the assays
performed using the “normal” wet chemistry approach. If no significant decrease of
assay sensitivity due to drying and dissolution of the assay components are observed,
the stability of the assay in dry-chemistry format will be further tested. The plates with
dry assay components sealed with a plate sealing film will be stored at room
temperature or at 4°for an extended period of time (24 weeks). The performance of the
stored dry-chemistry assays will be evaluated in weekly intervals to determine the effect
of time of storage and storage temperature on the assay performance.
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Example 11: Improving sensitivity

[0097] Sensitivity of target cell detection will define where and how the
sensors can be ultimately used. Current sensitivity of the sensors as determined in the
preliminary experiments is equal or better to ELISA assays for bacteria detection [2].
Thus, even before any optimization of these sensors has been performed, they appear
to be a superior alternative to standard ELISA assays since they offer the same
sensitivity but the results can be obtained in a fraction of time required to perform ELISA
and they are vastly simpler to perform. For the detection of the amounts of cells below
the current sensitivity limit, the sample potentially could be enriched using semi-
permeable membrane concentration step (as illustrated by preliminary data illustrated
by Fig. 8) or an cell culture enrichment step could be performed. Nevertheless, the
more sensitive the sensors will be, the more applications they could potentially find. The
following ideas for improving assay sensitivity may thus be tested:

[0098] (i) Alternative FRET probes. One relatively straightforward approach

to improve sensor sensitivity will be to use better fluorescence probes (probes with
increased brightness). It will be tested if replacing the fluorescein-Cy5 donor-acceptor
pair used in all preliminary experiments with a brighter and more photostable pair of
probes (Alexa488/Alexab47 or Alexab546/Alexa647) can produce an increase in
sensitivity.

[0099] (ii) Time-resolved FRET (LRET). Another potential approach to
increase FRET based assay sensitivity is to increase signal-to-background ratio of

FRET signal. Majority of background signal in FRET-based assays originates from the
spillover of the donor emission to the acceptor detection channel and from direct
excitation of the acceptor at donor excitation wavelength. These two sources of the
elevated background (as well as the background due to light scattering) can be
effectively removed by employing Luminescence Energy Transfer (LRET) using
lanthanide chelates as donor labels [19-23]. These labels exhibit very long (hundreds of
microseconds) fluorescence lifetimes allowing the employment of pulsed excitation and
delayed gated emission measurements that have been shown to dramatically reduce
background signals in FRET-based homogenous assays [19, 22]. LRET is also very

effective in removing the background due to light scattering or due to fluorescent
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impurities in the sample. This could be beneficial when turbid or autofluorescent
samples need to be analyzed. For each of the four bacterial targets, antibodies labeled
with complementary oligonucleotides modified with europium chelate and with CyS5,
respectively, will be prepared. The performance of the sensors utilizing LRET-based
detection will be compared with the sensors utilizing standard FRET detection.

[0100] (iii) Restriction-enzyme based signal amplification. For the detection

of protein targets in solution using the molecular biosensor assay (Fig. 1) a restriction-
enzyme digestion based signal amplification methodology (Fig. 11) has recently been
developed that could allow ~ 100 fold signal amplification compatible with the
homogenous nature of the assay. This amplification approach is based on target-
dependent restriction enzyme digestion of fluorescent DNA construct (S3, Fig. 11)
whose fluorescence is dramatically increased upon its cleavage. Signal amplification is
derived from multiple rounds of cleavage that a single target-antibody complex can
catalyze. S3 component contains a sequence recognized by a restriction enzyme. Hinc
Il sequence will be used but any restriction enzyme that cleaves ds DNA but is inactive
on ss DNA (like Hinc Il) could be used. S3 also contains the probes attached to two
complementary oligonucleotides that are in turn attached to S3 via flexible linkers.
When S3 oligonucleotide is intact, the complementary oligonucleotides will be annealed
(generating proximity-dependent signal such as, for example, FRET) due to the high
local concentration resulting from their attachment to S3. Oligonucleotides used in S1
and S2 are designed to be sufficiently short that on their own they cannot anneal to S3
in any significant manner. In the presence of the target, S1 and S2 in a complex with the
target will bind to S3 because the complex becomes effectively a bivalent binder for S3
that will have much increased S3 binding affinity compared to free S1 or S2. The
oligonucleotides of S1 and S2 are designed to anneal to S3 such that a gap between
the two oligonucleotides hybridized to S3 is exactly at the position where Hinc Il would
normally cleave the bottom strand of DNA duplex. Thus, when Hinc Il is present in the
sample, it will cleave S3 only when it is annealed to both S1 and S2 (i.e. when the target
is present). Upon cleavage of S3, the complex will dissociate (cleavage of S3 will
greatly decrease both the stability of the complex as well as it will result in dissociation

of the two signaling oligonucleotides which in turn will eliminate the proximity-dependent
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signal). The complex of T with S1 and S2 can now associate with another molecule of
S3 and such cleavage and dissociation cycle could be repeated many times producing
signal amplification. We propose that the same events as those illustrated in Fig. 11 for
a protein target in solution could be produced by the antibodies associating with the
surface of the bacteria cell (as illustrated in Fig. 2). The applicability of the signal
amplification scheme illustrated in Fig. 11 will be tested for detecting bacteria by
preparing bacteria-specific antibodies labeled with oligonucleotides complementary to
S3. A mixture of such antibodies will be incubated with various amounts of target and
negative control cells in the presence of Hincll followed by fluorescence intensity
measurement. The performance of the assays employing this amplification scheme will
be compared to assays employing standard FRET detection.

Example 12: Solid-surface based variant of the biosensor

[0101] The goal of this example will be to develop an alternative design of
the sensor illustrated in Fig. 12. While implementing this sensor design will require a
more sophisticated instrumentation, its potential advantages include an increase in
sensitivity and the possibility for multiplexed simultaneous detection of several targets.
In this design, an antibody modified with a single short oligonucleotide via a long flexible
linker will be used (Fig. 12). The second oligonucleotide containing a segment(s)
complementary to this oligonucleotide will be immobilized on a solid surface. The
oligonucleotide that will be used to label the antibody will be designed to provide some
affinity for binding to the immobilized complementary oligonucleotide but this affinity will
be set (affinity of the interaction between two oligonucleotides can be set at any desired
level using length and the sequence of oligonucleotides as a variable) to be low enough
that at nanomolar concentrations of the antibody very little association of the free
antibodies with the immobilized oligonucleotide will be observed (for example, a KD in
mM range would fulfill this design requirement). We hypothesize that when the target
cells are added, the antibodies bound to the surface of the cell will in effect create a
multivalent particle capable of multivalent interactions with the immobilized
oligonucleotides (Fig. 12). Due to the multivalent character of these interactions, the

target cells should bind to the solid surface with very high affinity. We suggest that this
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binding of the target cells to the solid surface induced by the association of the labeled
antibody with the cell surface antigens can be utilized for effective detection of the target
cells. Fig. 13 illustrates a feasibility experiment demonstrating detection of target
bacteria with the solid-surface assay according to a design illustrated in Fig. 12.

[0102] Since the antibodies are labeled with fluorescence probes, any
fluorescence detection specific to surface-bound fluorescent probes could be potentially
used for the readout of the signal. The performance of two variants of this alternative
assay design will be investigated. In the first variant, oligonucleotide complementary to
the antibody-bound oligonucleotide will be immobilized in the well of a 96-well
microplate. The sample will be incubated with oligonucleotide-labeled antibody followed
by washing the wells with the buffer and readout of fluorescence remaining in the well.
Second variant will involve a real-time readout of the association of the target cell-
antibody complex with the solid surface using Total Internal Reflection Fluorescence
(TIRF). This mode of signal readout will involve more technically complex
instrumentation but will likely be more sensitive and faster. Additionally, it would be
possible to immobilize oligonucleotides of unique sequences at different areas (spots) of
TIRF slide. This would allow a simultaneous multiplexed detection of several target cells
by using antibodies specific to each of the target cell labeled with a unique sequence
oligonucleotide complementary to oligonucleotide immobilized at a unique spot of the
slide.

[0103] Most of the parameters of the optimal homogenous assay to be
determined in above will be also applicable to the solid surface-based assay. However,
the optimal length of the oligonucleotides attached to the antibody in the case of the
assay illustrated in Fig. 12 is likely to be different than in the homogenous assay (Fig.
2). ltis likely that lower affinity oligonucleotides may be required for optimal
performance in the case of solid-surface based assay. The performance of the solid-
surface variant of the assay (Fig. 12) will therefore be tested utilizing the
oligonucleotides with hybridization AG’s in the range from 5 to 8 kcal/mole. In these
experiments, oligonucleotides complementary to the antibody-bound oligonucleotides
will be immobilized in the well of a 96-well microplate. This version of the solid-surface

based assay is relatively easy to set up and perform and the conclusions regarding the
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optimal length of the complementary oligonucleotides obtained with this assay variant
should be also applicable to the real-time TIRF-based assay. Streptavidin-coated
plates and biotinylated oligonucleotide will be used to immobilize the oligonucleotides
on a surface of the microplate well. For each oligonucleotide length tested, various
amounts of target cells and in parallel, negative control cells, will be incubated in the
wells of the microplate coated with the corresponding complementary oligonucleotide.
The wells will be washed three times with the buffer and fluorescence remaining in each
well will be measured on Analyst AD microplate reader (Molecular Devices, Sunnyvale,
CA). Sensitivity of detection and signal-to-background ratio for each oligonucleotide
length tested will be used to determine the optimal length of the oligonucleotide.

[0104] Immobilized oligonucleotides containing multiple repeats of the
sequence complementary to the oligonucleotide used to label the antibody will also be
tested (as opposed to a single copy of such sequence as depicted in Fig. 12). The
affinity of the target cell coated with oligonucleotide-labeled antibodies for binding to the
solid-surface containing oligonucleotides with multiple repeats of the complementary
sequence may be greatly improved which would be beneficial for the performance of
solid-surface based assay.

Example 13: TIRF detection

[0105] TIRF (Total Internal Reflection Fluorescence) [31-34] uses
evanescent wave generated near the surface of the glass slide by a light beam reflected
from the slide to limit excitation to the molecules bound to slide surface. Limiting the
excitation only to molecules bound to the slide surface allows real-time monitoring of the
interactions of labeled molecules with the slide surface since the fluorescent molecules
in the bulk solution are not excited and do not contribute to the signal. Also, limiting
excitation to a very thin (few hundred nanometers typically) layer of the sample reduces
background, increasing the sensitivity of detection. This allows the detection of
fluorescence even from single molecules [31, 34]. TIRF can be thus adopted for real-
time detection of target cell induced association of the antibody-coated cell to the slide
surface coated with the oligonucleotides complementary to the oligonucleotide used to

label the antibody. Real-time detection capability will allow rapid readout time and the
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outstanding signal detection sensitivity of TIRF can produce significant sensitivity gains.
Fig. 14 illustrates the feasibility of experiments demonstrating detection of target
bacteria with the solid-surface assay implementing TIRF detection.

[0106] Additionally, TIRF-based detection offers a unique potential of
developing a multiplexed assay that will allow simultaneous detection of multiple target
cells. To test this, four oligonucleotides of unique sequence will be immobilized to four
distinct areas (“spots”) on the TIRF slide. The antibodies for the four targets will be
labeled, each with a unique sequence oligonucleotide complementary to the
oligonucleotide immobilized in one of the spots. When a sample containing the target
cells mixed with the oligonucleotide-labeled antibodies for the four targets will be
introduced to the TIRF slide, the presence of a specific target cell will be detected by the
appearance of the fluorescence signal at the spot containing an immobilized
oligonucleotide of the sequence complementary to the oligonucleotide used to label the
antibody for this target. To test this multiplexed TIRF-based assay, samples containing
only one of the targets at a time will be tested to verify that fluorescence signal will be
detected only at a correct spot. Samples containing mixtures of target cells at various
proportions will then be added to test the ability of the multiplexed assay to correctly
report the composition of these complex samples.

Example 14. Biosensor design for detecting viruses

[0107] As in the case of pathogenic bacteria, rapid detection and
identification of viruses is an essential element of infectious disease diagnosis,
treatment and prevention. For example, rapid detection of avian flu infection in poultry is
critical to controlling outbreaks. Virus particles, while much smaller then bacterial cells
(for example, influenza virus is 80-120 nm in diameter), should be still large enough to
produce FRET signal resulting from co-binding of many labeled antibodies to surface
epitopes of the virus according to scheme in Fig. 2. Influenza A and B viruses will be
used as model targets to investigate the applicability of our sensors for detecting
viruses. The gamma-radiation inactivated viruses and the virus-specific antibodies will

be purchased from BiosPacific (Emeryville, CA).
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[0108] If the results of experiments described above show the general
feasibility of applying sensor design illustrated in Fig. 2 for virus detection, the
performance of the solid-surface based assay will be tested for detecting viruses. Both
the microplate-based assay and TIRF-based assay will be evaluated. These data will be
used to determine sensitivity, specificity and reproducibility (CV’s) of the optimized
assays. These parameters will be used to evaluate the feasibility of employing the solid-
surface based assays for detecting viruses.

Example 15. Detection of a protein comprising a repeating epitope.

[0109] An anti-human Ferritin antibody was converted into a molecular
biosensor pair (anti-numan Ferritin-A2-AA2-FAM and anti-human Ferritin-A2-AM-
Oyster). These two molecular pincers were mixed as a 2x assay mixture (40nM of each
pincer, calculated as oligo concentration) in TBS with 0.1mg/ml BSA. The purified
human Ferrintin protein standard was diluted in 10ul TBS with 0.1mg/ml BSA range
from 200nM to OnM. 10ul of the 2x assay solution was added to 10ul of each sample.
The plate was incubated at RT for 40min and the FRET (485nm/665nm) and FAM
(485nm/535nm) was recorded on a TECAN plate reader. The relative fluorescence fold
change (RF) was calculated from raw fluorescence values using the following formula
where RF = Relative fluorescence fold change, FRETs = FRET signal of the sample,
FRET, = FRET signal of the black, FRETg = background FRET signal (buffer alone),
FAMs = FAM signal of the sample, FAMy = FAM signal of the blank, FAMg =
background FAM signal (buffer alone).

RF = (FRETs-FRETg) (FAMo-FAMg) / (FRETo-FRETg) (FAMs-FAMg)
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CLAIMS
What is claimed is:

1. A method for detecting a target comprising at least one repeating epitope, the
method comprising contacting a sample comprising the target with a molecular
biosensor, the biosensor comprising:

R'-R*R*-R? and
R>-R®-R"-R?%,
wherein:
R"and R® are epitope binding agents that bind to a repeating epitope
on a target;
R? is a flexible linker attaching R' to R?;
R® and R are a pair of complementary nucleotide sequences having a
free energy for association from about 5.5 kcal/mole to about 8.0
kcal/mole at a temperature from about 21° C to about 40° C and at a
salt concentration from about 1 mM to about 100 mM,;
R* and R® together comprise a detection means such that when R® and
R associate a detectable signal is produced, and
R® is a flexible linker attaching R® to R”; and
detecting the signal produced by the association of R* and R’.

2. The method of claim 1, wherein the target is selected from the group consisting
of a protein, a polypeptide, a nucleic acid, a lipid, a carbohydrate, and a microbial

organism.

3. The method of claim 1, wherein the target is a microbial organism selected from

the group consisting of a bacterium, a virus, or a fungus.

4.  The method of claim 1, wherein R? and R® comprise a nucleotide sequence
having from about 10 to about 100 nucleotides in length.
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The method of claim 1, wherein R? forms a bond with each of R' and R® and R®
forms a bond with each of R® and R’, wherein the free energy of the formed
bonds is from about 12.0 kcal/mole to about 16.5 kcal/ mole.

The method of claim 5, wherein the bonds are covalent bonds.

The method of claim 1, wherein R? and R® are comprised of a bifunctional

chemical crosslinker.
The method of claim 1, wherein R? and R°® are from 0 to 500 angstroms in length.

The method of claim 1, wherein R® and R’ are from about 4 to about 15
nucleotides in length.

The method of claim 1, wherein the R* and R® comprise a pair of molecules that
transfer energy thereby producing a detectable signal.

The method of claim 1, wherein the detection means is selected from the group
consisting of FRET, fluorescence cross-correlation spectroscopy, flourescence
quenching, fluorescence polarization, flow cytometry, scintillation proximity,
luminescense resonance energy transfer, direct quenching, ground-state
complex formation, chemiluminescence energy transfer, bioluminescence
resonance energy transfer, excimer formation, colorimetric substrates detection,

phosphorescence, electro-chemical changes, and redox potential changes.

The method of claim 1, wherein about 80% of the maximum signal may be
detected at about 5 min.
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