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(54) Title: MTHODS AND ARRAYS FOR TARGET ANALYTE DETECTION AND DETERMINATION OF TARGET ANA
LYTE CONCENTRATION IN SOLUTION

(57) Abstract: Arrays of single molecules and methods of producing an array of single molecules are described. Arrays with
defined volumes between 10 attoliters and 50 picoliters enable single molecule detection and quantitation. Biomolecules such as
enzymes can be addressed at the single molecule level in order to discover function, detect binding partners or inhibitors, and/or
measure rate constants.
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Methods and Arrays for Target Analyte Detection 
and Determination of Target Analyte Concentration in Solution

Government Rights

[001] The United States government may have certain rights in this invention pursuant
5 to Contract No. N00014-01-1 awarded by the Department of Defense, Defense Advanced

Research Projects Agency (DARPA) Office of Naval Research.

Background

[002] Methods that implement high-sensitivity and low-level analyte detection in
conjunction with rapid and reproducible experimental protocols are the cornerstone of modem

10 analytical measurements. Currently, most known techniques for quantifying low levels of target 
analyte in a sample matrix use amplification procedures to increase the number of reporter 
molecules and thereby provide a measurable signal. These known processes include enzyme- 
linked immunosorbent assays (ELISA) for amplifying the signal in antibody-based assays, as 
well as the polymerase chain reaction (PCR) for amplifying target DNA strands in DNA-based

15 assays. A more sensitive but indirect protein target amplification technique, called immuno-PCR 
(see Sano, T.; Smith, C. L.; Cantor, C. R. Science 1992, 258, 120-122), makes use of 
oligonucleotide markers, which can subsequently be amplified using PCR and detected using a 
DNA assay (see Nam, J. M.; Thaxton, C. S.; Mirkin, C. A. Science 2003, 301, 1884-1886; 
Niemeyer, C. M.; Adler, M.; Pignataro, B.'; Lenhert, S.; Gao, S.; Chi, L. F.; Fuchs, H.; Blohm, D.

20 Nucleic Acids Research 1999, 27, 4553-4561; and Zhou, H.; Fisher, R. J.; Papas, T. S. Nucleic 
Acids Research 1993, 21, 6038-6039). While the immuno-PCR method permits ultra low-level 
protein detection, it is a complex assay procedure, and can be prone to false-positive signal 
generation (see Niemeyer, C. M.; Adler, M.; Wacker, R. Trends in Biotechnology 2005, 23, 208- 
216).

25 [003] One disadvantage of these known methods is their reliance on separate steps to
amplify reporter molecules to provide a measurable signal, thereby requiring additional 
amplification steps and thus additional time, equipment, and materials.
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[004] In addition, known methods for accurately quantifying the concentration of a
particular analyte in solution are all based on ensemble responses in which many analyte 

molecules give rise to the measured signal.
[005] Therefore, there is a need in the art for an improved method and system of target

analyte detection.

Brief Summary of the Invention

[006] According to one embodiment, the present invention relates to a method of
detecting a target analyte in a sample. The method includes providing an array comprising a 
plurality of sites, each site comprising a capture component, and contacting the array with the 
sample such that each site in a subset of the plurality of sites contains a single target analyte. 
Each target analyte comprises an enzymatic component. The method further includes contacting 
the array with an enzymatic substrate and detecting a change in an optical property at each of the 

sites as an indication of the presence of the target analyte.
[007] The present invention, in another embodiment, relates to a method of detecting
target analytes in a sample. The method includes providing an array comprising a plurality of 

sites, and contacting the array with the sample such that each site in a first subset of the plurality 
of sites contains a single first target analyte and each site in a second subset of the plurality of 
sites contains a single second target analyte. In this embodiment, each site comprises a capture 
component and each of the first and second target analytes comprises an enzymatic component. 
The method further includes contacting the array with a first enzymatic substrate and detecting 
any change in an optical property as a result of the first enzymatic substrate at each of the sites as 
an indication of the presence of one of the first or second target analytes. In addition, the method 
includes washing the array and contacting the array with a second enzymatic substrate. Further, 
the method includes detecting any change in an optical property as a result of the second 
enzymatic substrate at each of the sites as an indication of the presence of one of the first or 
second target analytes.
[008] In accordance with another embodiment, the present invention relates to a method
of detecting a target analyte in a sample. The method includes providing an array comprising a 
plurality of sites and contacting the array with the sample such that each site in a subset of the 
plurality of sites contains a single target analyte. In this method, each site comprises a capture
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component. The method also includes contacting each of the single target analytes with a 
binding ligand comprising an enzymatic component and further contacting the array with an 
enzymatic substrate. In addition, the method includes detecting a change in an optical property 

at each of the sites as an indication of the presence of the target analyte.
[009] The present invention, according to a further embodiment, is a method of
quantifying an amount of a target analyte in a sample. The method includes providing an array 
comprising a plurality of sites, each site comprising a capture component and contacting the 
array with the sample such that each site in a subset of the plurality of sites contains a single 
target analyte. In this embodiment, each target analyte comprises an enzymatic component. The 
method also includes contacting the array with an enzymatic substrate, detecting a change in an 
optical property at each of the sites as an indication of the presence of the target analyte, and 
calculating an amount of the target analyte in the sample.

[010] In one embodiment, the present invention contemplates a method of producing an
array of single molecules, comprising: providing a sample and an array, said sample comprising 
a molecules of target analyte in a concentration, said array comprising at least 1000 sites, each 
site having a defined volume between 10 attoliters and 50 picoliters; and contacting said array 
with said sample such that the ratio of molecules of target analyte to each site of said array is 
less than 1:1, so as to produce an array comprising sites containing single molecules. In one 
embodiment, the present invention contemplates the array, as a composition of matter, produced 
according to this method. It is not intended that the present invention be limited by the nature of 
the target analyte. In one embodiment said target analyte comprises biomolecules (for example, 
proteins, nucleic acids, lipids, and carbohydrates; alternatively, hormones, cytokines and cellular 
antigens; preferably, receptors such as neural receptors, hormonal receptors, and nutrient 
receptors). It is not intended that the present invention be limited by the nature of the 
biomolecule. In one embodiment, said biomolecule is selected from the group consisting of 
proteins, nucleic acids, lipids, and carbohydrates. In another embodiment, said biomolecule is 
selected from the group consisting of hormones, cytokines and cellular antigens. In yet another 
embodiment, said biomolecule is a receptor (e,g. neural receptors, hormonal receptors, and 
nutrient receptors). In one embodiment, said target analyte is an environmental pollutant (e.g. 
pesticides, insecticides and toxins). In one embodiment, said target analyte is a drug. It is not 
intended that the present invention be limited by the ratio. In one embodiment, the ratio is chosen
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so that one achieves sites with single molecules. In a preferred, embodiment, the ratio is chosen 
so that the readout will be a digital readout (e.g. each site will have either one molecule or none). 
In one embodiment, the ratio is less than 1:5. In another embodiment, said ratio is 1:10. In still 
another embodiment, said ratio is between 1:5 and 1:500. In one embodiment, the percentage of 

sites containing a single molecule provide a measure of the concentration of molecules in said 
sample (in other words, by counting and knowing the number of total sites and the defined 
volume of the sites).
[011] In one embodiment, the method further comprises, after step b), sealing the array
such that the contents of each site cannot escape said site. In one embodiment, the present 
invention contemplates the sealing of molecules in solution, the capture of molecules in solution 
(e.g. with a capture component) before sealing, and/or the capture of molecules from the solution 
(and in some embodiments, the removal of molecules from the solution) before sealing. In one 
embodiment, the present invention contemplates the sealed array, produced according to the 
method.

[012] It is not intended that the present invention be limited by the nature of the capture
component. In one embodiment, wherein each site of said array comprises a capture component. 
In another embodiment, said target analyte comprises a single-stranded nucleic acid, and said 
capture component comprises a complementary nucleic acid
[013] It is not intended that the present invention be limited to any particular volume.
However, in one embodiment, said defined volume is measured in femtoliters. In one 
embodiment, the present invention contemplates, as a composition of matter, an array of sites, 
said sites of defined femtoliter volume.said defined volume is the same at each site and ranges 
from about 30 femtoliters to about 60 femtoliters. Tn one embodiment, said defined femtoliter 
volume is 46 femtoliters.
[014] It is not intended that the present invention be limited to the number of sites.
While 1000 sites may be used, preferably more sites are employed (e.g. more than 10,000, 
between 20,000 and 30,000 sites, and still more preferably between 100,000 and 10,000,000 
sites.
[015] In another embodiment, the present invention contemplates a method of detecting
a target analyte in a sample, the method comprising: providing a sample and an array, said 

sample comprising a biomolecule target analyte, said array comprising at least 1000 sites, each
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site having a defined volume between 10 attoliters and 50 picoliters; contacting said array with 
said sample such that the ratio of biomolecule target analyte to each site of said array is less than 
1:1; and determining the number of sites of said array which contain a single biomolecule. 

Again, it is not intended that the present invention be limited by the ratio. In one embodiment, 
the ratio is chosen so that one achieves sites with single molecules. In a preferred, embodiment, 
the ratio is chosen so that the readout will be a digital readout (e.g. each site will have either one 
molecule or none). In one embodiment, the ratio is less than 1:5. In another embodiment, said 
ratio is 1:10. In still another embodiment, said ratio is between 1:5 and 1:500. In one 
embodiment, the percentage of sites containing a single molecule provide a measure of the 
concentration of molecules in said sample (in other words, by counting and knowing the number 
of total sites and the defined volume of the sites).
[016] Preferably, the biomolecules are labeled (e.g. with a fluorophore). In one
embodiment, said determining comprises detecting a change in an optical property at said sites as 
an indication of the presence of said target analyte. Again, it is preferred that the percentage of 
sites containing a single biomolecule provides a measure of the concentration of biomolecules in 
said sample.

[017] In one embodiment, the method further comprises, after the contacting step but
before the determining step, sealing the array such that the contents of each site cannot escape 
said site. In one embodiment, the present invention contemplates the sealing of molecules in 
solution, the capture of molecules in solution (e.g. with a capture component) before sealing, 
and/or the capture of molecules from the solution (and in some embodiments, the removal of 
molecules from the solution) before sealing. In one embodiment, the present invention 
contemplates the sealed array, produced according to the method.
[018] In yet another embodiment, the present invention contemplates a method of
detecting a target analyte in a sample, the method comprising: providing a sample and an array, 
said sample comprising a biomolecule target analyte in a first concentration, said array 
comprising at least 10,000 sites, each site having a defined femtoliter volume; diluting said 
sample to create a diluted sample, said diluted sample comprising a biomolecule target analyte in 
a second concentration; contacting said array with said diluted sample such that the ratio of 
biomolecule target analyte to each site of said array is between 1:5 and 1:500; and determining 
the number of sites of said array which contain a single biomolecule.
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[019] In still another embodiment, the present invention contemplates a method of
producing an array of single cells, the method comprising: providing a sample and an array, said 
sample comprising cells, said array comprising at least 1000 sites, each site having a defined 
volume between 10 attoliters and 50 picoliters; and contacting said array with said sample such 
that the ratio of cells to each site of said array is less than 1:1, so as to produce an array 
comprising sites containing single molecules. In one embodiment, the present invention 
contemplates, as a composition of matter, the array produced according to this embodiment of 
the method. In one embodiment of the method, the present invention further contemplates the 
step of determining which sites of the array contain single cells. Preferably, the percentage of 
sites containing a single cell provide a measure of the concentration of cells in said sample. It is 
not intended that the present invention be limited by the nature of the cells. Prokaryotic cells are 

contemplates (e.g. bacterial cells) as well as eukaryotic cells (e.g. mammalian cells such as tumor 
cells and nerve cells. Although it is not necessary to understand the mechanism of an invention, 
it is believed that an array of single cells allows capture of a single mRNA target per well. In 
one embodiment, the single cells are trapped and subsequently lysed. In one embodiment, a 
single well comprises a single cell. In one embodiment, the single cell within the single well is 
lysed. In one embodiment, the targets from the single cell are trapped within the single well. In 
another embodiment, a single cell is lysed and the mRNA targets are subsequently captured. For 
example, one single cell is lysed wherein a plurality of mRNA targets are captured in wells with 
no more than one copy of each transcript type per well. Although it is not necessary to 
understand the mechanism of an invention, it is believed that while a cell may comprise 
thousands of different transcripts with may copies of each per cell, the present invention 
contemplates capturing no more than one of each different transcript type per well (i.e., for 
example, each well comprises no more than one copy of each transcript). In one embodiment, 
the single cell comprises multiple targets (i.e., for example, mRNA types). In one embodiment, 
the multiple targets (i.e., for example, mRNA types) are sequentially interrogated thereby 
determining their presence (i.e., for example, by using different colored fluorophores). In one 
embodiment, the targets (i.e., for example, mRNA types) are quantitatively determined by 
detecting a digital signal.
[020] In still another embodiment, the present invention contemplates a method of
producing an array comprising a plurality of different cells, the method comprising: providing a
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sample and an array, said sample comprising cells, said array comprising at least 1000 sites, each 
site having a defined volume between 10 attoliters and 50 picoliters; and contacting said array 
with said sample. In one embodiment, the plurality of different cells are lysed, thereby forming a 

lysate comprising multiple targets. In one embodiment, each of the plurality of different cells are 
lysed within different wells. In one embodiment, the plurality of different cells are lysed within 
a single well. In one embodiment, the lysates from the plurality of different cells are pooled. In 
one embodiment, the pooled lysates are captured. In one embodiment, the multiple targets (i.e., 
for example, mRNA types) are sequentially interrogated thereby determining their presence (i.e., 

for example, by using different colored fluorophores). In one embodiment, the targets (i.e., for 
example, mRNA types) are quantitatively determined by detecting a digital signal.
[021] In one embodiment, the method further comprises, after contacting the array with
the cells, sealing the array such that the contents of each site cannot escape said site. In one 
embodiment, the present invention contemplates the sealing of cells in solution, the capture of 
cells in solution (e.g. with a capture component) before sealing, and/or the capture of cells from 
the solution (and in some embodiments, the removal of cells from the solution) before sealing. In 
one embodiment, the present invention contemplates the sealed array comprising cells, produced 
according to the above-described method. In one embodiment, cells are immobilized by said 
capture component (e.g. a receptor, antibody or protein, such as fibronectin) after contacting said 
array (e.g. the capture component is present, and preferably attached, at each site of the array). 
[022] Again, it is not intended that the present invention be limited by the ratio of cells
to sites. In one embodiment, the ratio is chosen so that one achieves sites with single cells. In a 
preferred, embodiment, the ratio is chosen so that the readout will be a digital readout (e.g. each 
site will have either one cells or none). In one embodiment, the ratio is less than 1:5. In another 
embodiment, said ratio is 1:10. In still another embodiment, said ratio is between 1:5 and 1:500. 
In one embodiment, the percentage of sites containing a single cell provide a measure of the 
concentration of molecules in said sample (in other words, by counting and knowing the number 
of total sites and the defined volume of the sites).
[023] In one embodiment, the present invention contemplates a method of detecting
cells in a sample, the method comprising: providing a sample and an array, said sample 
comprising cells in a first concentration, said array comprising at least 1000 sites, each site 
having a defined volume between 10 attoliters and 50 picoliters; diluting said sample to create a
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diluted sample, said diluted sample comprising cells in a second concentration; contacting said 
array with said diluted sample such that the ratio of cells to each site of said array is less than

> 1:1; and determining the number of sites of said array which contain a single cell. This array is
preferably sealed prior to said determining step and the present invention contemplates both the

5 array and the sealed array as compositions of matter.
[024] In still another embodiment, the present invention contemplates a method of
detecting a target analyte of a cell in a sample, the method comprising: providing a sample and 
an array, said sample comprising cells in a first concentration, each cell comprising a target 
analyte, said array comprising at least 1000 sites, each site having a defined femtoliter volume;

10 diluting said sample to create a diluted sample, said diluted sample comprising cells in a second 
concentration; contacting said array with said diluted sample such that the ratio of cells to each 
site of said array is less than 1:1; treating said cells in said array under conditions such that said 
cells are lysed; and determining the number of sites of said array which contain a target analyte 
of said cells. This array is preferably sealed prior to said determining step and the present

15 invention contemplates, as a composition of matter, the array and the sealed array produced in 
this fashion.
[025] In alternative embodiment, the present invention contemplates a method of
detecting a target analyte of a cell in a sample, the method comprising: providing a sample and 
an array, said sample comprising cells in a concentration, said array comprising at least 1000

20 sites, each site having a defined femtoliter volume; treating said cells under conditions such that 
said cells are lysed so as to create a treated sample; contacting said array with said treated sample 
such that the ratio of target analyte to each site of said array is less than 1:1; and determining the 
number of sites of said array which contain a target analyte. Again, the array is preferably sealed 
prior to said determining step and the present invention contemplates, as a composition of matter,

25 the array and the sealed array produced in this manner.
[026] In one embodiment, the cells are prokaryotic cells. In a particular embodiment,
the cells are bacterial cells and the target analyte is a bacterial enzyme released from the cells 
after lysis. In a preferred embodiment, each site contains a capture reagent directed at capturing 
the target analyte after lysis.

30 [027] A method of detecting a reaction component that affects a reaction, the method
comprising: providing a reaction component, a sample and an array, said sample comprising a
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target analyte in a first concentration, said array comprising at least 1000 sites, each site having a 
defined volume between 10 attoliters and 50 picoliters; contacting said array with said sample 
such that the ratio of target analyte to each site of said airay is less than 1:1; introducing said 

reaction component to each site of said array; and determining whether the reaction component 
affects a reaction. In a preferred embodiment, said target analyte is an enzyme and substrate for 
said enzyme is present in each site of said array prior to the determining step. In a particularly 
preferred embodiment, said reaction component is an enzyme inhibitor and said determining step 
comprises determining whether said enzyme inhibitor inhibits the reaction of said enzyme with 
said substrate. In one embodiment, the present invention contemplates sealing the array prior to 
the determining step, and both the array and the seal array are contemplated as compositions of 
matter.
[028] Indeed, the present invention specifically contemplate embodiments where the
rate constants of enzyme are measured in single enzyme molecule settings. For example, in 
embodiment, the enzyme and inhibitor are preincubated prior to introduction into the sites of the 
array (e.g. in an aqueous buffer system) together in bulk, such that the inhibitor concentration is 
higher than the dissociation constant for inhibitor binding (Kj) and all of the active sites of the 
enzyme are likely to be blocked or occupied. As K; differs for different enzyme/inhibitor pairs, 
the concentration of inhibitor must be adjusted accordingly. With some particular 
enzyme/inhibitor pairs exemplified herein, a variety of inhibitor starting concentrations can be 
employed, ranging between 100 mM and 20 pM. In a second step of this embodiment of the 
method, one or more substrates (e.g. a chromogenic substrate) in an aqueous buffer system are 
added, preferably in a high volume excess (between 10-fold and 100,000-fold). In a third step of 
this embodiment of the method, the bulk solution is added to the array of sites, each site having a 
defined volume (between 10 attoliters and 50 picoliters, more preferably femtoliters). At this 
point, the inhibitor is not in excess any more; indeed, the concentration of the inhibitor is much 
less than the K, (it is preferred that less than 100,000 molecules of inhibitor, and preferably less 
than 10,000 molecules of inhibitor, and still more preferably less than 3,000 molecules of 
inhibitor, and even more preferably less than 1,000 molecules of inhibitor, are remaining in the 
solution). At the point where the solution is added to the sites of the array, it is preferred that the 
enzyme concentration is such (due to the many fold dilution of step 2) there will be only a single 
enzyme in every array site (or, more typically, a single enzyme in some sites and no enzyme in
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others). In a preferred embodiment, the array is then monitored for signal over time with a 
detection means (e.g. so that the utilization of substrate by the enzyme can be detected). When 
the frequency distribution of substrate turnover onset times is plotted, the Koff rate constant can 
be calculated.
[029] In another embodiment of such a method, the concentration of the inhibitor is
chosen such that it is in the same range as Kj. At this inhibitor concentration the inhibitor-bound 
enzyme is in equilibrium with the inhibitor-free enzyme. The bulk solution is added to the array 
of sites, each site having a defined volume (between 10 attoliters and 50 picoliters, more 
preferably femtoliters). It is again preferred that the enzyme concentration be chosen to yield 
only a single enzyme in every array site (or, more typically, a single enzyme in some sites and no 
enzyme in other sites). When signal (e.g. fluorescence) is monitored over time, one can see 
binding, release, and subsequent binding at each site where enzyme is present in the array.
[030] In yet another embodiment, the present invention contempalates a method of
detecting a reaction component that affects a reaction, the method comprising: providing a 
reaction component, a sample and an array, said sample comprising a biomolecule target analyte 
in a first concentration, said array comprising at least 1000 sites, each site having a defined 
volume between 10 attoliters and 50 picoliters; diluting said sample to create a diluted sample, 
said diluted sample comprising a biomolecule target analyte in a second concentration; 
contacting said array with said diluted sample such that the ratio of biomolecule target analyte to 
each site of said array is less than 1:1; introducing said reaction component to each site of said 
array; and determining whether the reaction component affects a reaction.
[031] In still another embodiment, the present invention contemplates a method of
detecting enzyme inhibition, the method comprising: providing i) a reaction component, ii) a 
sample, said sample comprising a enzymatic target analyte in a first concentration, iii) a substrate 
for said enzymatic target analyte, and iv) an array, said array comprising at least 10,000 sites, 
each site having a defined femtoliter volume; diluting said sample to create a diluted sample, said 
diluted sample comprising a enzymatic target analyte in a second concentration; contacting said 
array, in any order, with said substrate, said reaction component, and said diluted sample such 
that the ratio of enzymatic target analyte to each site of said array is between 1:5 and 1:500; and 
determining whether the reaction component inhibits the reaction of said enzyme with said 
substrate.
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[032] In one embodiment, hanoparticles are utilized for the digital readout of target and
concentrations. Nanoparticles have several advantages over an enzyme digital readout. With an 
enzyme approach, as concentrations increase, the linearity of the digital readout, which follows a 

Poisson distribution, is lost. Using nanoparticles functionalized with fluorescent species, the 
present invention contemplates in one embodiment to be able to perform a digital readout as well 
as the traditional bulk intensity readout, which is used extensively in our laboratory. As the 
linearity of the digital signal is lost, the analysis can be shifted from a digital readout to a 
traditional intensity readout using the nanoparticles. The signal can then be read as an average 
intensity of each site in the array (e.g. average well intensity) correlating to concentration, and 
will significantly increase the range of concentrations that can be read with this system. In some 
embodiments employing nanoparticles, the array is not sealed.
[033] A variety of embodiments are contemplated, including but not limited to
embodiments where the target is attached to the gold particle and introduced into an array, said 
array comprising a binding partner (e.g. immobilized ligand). In another embodiment, the target 
analyte may be attached or otherwise immobilized on the array and the gold particle-binding 
partner conjugate can be introduced to the array to bind the target analyte. In another 
embodiment, a first binding ligand may immobilize the target, and the gold-particle-second 
binding ligand may be introduced into the array to bind the target. In one embodiment, the target 

is nucleic acid and the binding partners are complementary probes. In another embodiment, a 
two-step sandwich format is contemplated, where the target can be unlabeled and incubated with 
a first complementary probe; thereafter, the nanoparticle-second probe conjugate is introduced 
into the site of the array. The target can be viewed to operate as a linker in this embodiment.

[034] While multiple embodiments are disclosed, still other embodiments of the present
invention will become apparent to those skilled in the art from the following detailed description, 
which shows and describes illustrative embodiments of the invention. As will be realized, the 
invention is capable of modifications in various obvious aspects, all without departing from the 
spirit and scope of the present invention. Accordingly, the drawings and detailed description are 
to be regarded as illustrative in nature and not restrictive.

Brief Description of the Drawings
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[035] FIGS, la, lb, and lc are side view cross-section schematics representing etched

bundle modifications, according to one embodiment of the present invention.
[036] FIGS. 2a, 2b, and 2c are side view cross-section schematics representing a

sandwich assay, according to one embodiment of the present invention.
5 [037] FIGS. 3a and 3b are photographs depicting Streptavidin Alexa Fluor 568® binding

to (a) an unpolished biotin modified fiber optic array, and (b) a polished biotin modified fiber 
optic array, according to one embodiment of the present invention.
[038] FIGS. 4a, 4b, 4c, 4d, 4e, and 4f are photographs depicting experiments according

to one embodiment of the present invention in which β-galactosidase hydrolyzes RDG to form
10 resorufm. More specifically, each of these figures depicts a different sample having a different 

concentration of SPG. The concentrations were: (a) 128 amol, (b) 51 amol, (c) 25 amol, (d) 7.5 

amol, and (e) 2.6 amol, and (f) was the control.
[039] FIG. 5 is a chart depicting a log-log pit of the moles of target present in a sample
with the resulting percentage of active reaction vessels, according to one embodiment of the

15 present invention.
[040] FIG. 6a is a microscopic photograph of-an entire fiber array and an inset close-up
of the bundle, according to one embodiment of the present invention.
[041] FIG. 6b is an AFM image of a portion of an etched surface, according to one
embodiment of the present invention.

20 [042] FIGS. 7a, 7b, and 7c depict enclosure of the reaction vessels and evaluation of the
seal, according to one embodiment. FIG. 7a is a microscopic photograph of a solution of 
Ru(bpy)3Cl2 enclosed in the array of chambers. FIG. 7b is a microscopic photograph of a small 
octagonal portion of the bundle photobleached with UV light. FIG. 7c is a microscopic 
photograph of FIG. 7b taken 60 minutes later.

25 [043] FIGS. 8a, 8b, and 8c are microscopic photographs depicting detection of the
activity of single molecules of β-galactosidase, according to various embodiments of the present 
invention. FIG. 8a is a microscopic photograph of a background image of a portion of an array. 
FIG. 8b is a microscopic photograph of an image taken of a portion of a 1:5 enzyme to vessel 
assay. FIG. 8c is a microscopic photograph of a 1:80 enzyme to vessel assay.

30 [044] FIG. 9 is a schematic of one embodiment for measuring rate constants of enzymes
at the single enzyme level.
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[045] FIG. 10 is a representative image of an array wherein signal is detected due to
release of inhibitor.
[046] FIGS. 11a, lib and 11c are time traces showing substrate turnover in the presence

of inhibitor or absence (1 lc) of inhibitor.

[047] FIG. 12 shows the plot of measurements enabling determination of Koff for a
particular enzyme/inhibitor pair.
[048] FIGS. 13a and 13b show a plurality of time traces (13a) and a single time trace
(13b) plotted to show increased signal upon inhibitor release.

[049] FIG. 14 is a histogram of off-times, permitting a calculation of the half-life values
for a particular enzyme/inhibitor pair.
[050] FIG. 15 schematically shows one embodiment wherein nanoparticles are
employed to enhance detection.
[051] FIG. 16 schematically shows an alternative embodiment wherein nanoparticles
are employed to enhance detection.
[052] FIG. 17 shows the detection of gold nanoparticles at sites in an array.

Detailed Description

[053] The present invention relates to methods, systems, and devices for enzymatic
detection and quantification of a target analyte or target analytes in a sample. More specifically, 
the present invention relates to enzymatic detection and quantification of target analytes using 
arrays of micron- to nanoscale-sized reaction vessels containing capture components. According 
to one embodiment, an array of reaction vessels containing capture components is contacted with 
a sample containing at least one target analyte. A chromogenic substrate is then added and the 
resulting chromogenic product of the enzymatic reaction allows for detection of the analyte. 
Further, according to one embodiment, the percentage of reaction vessels with captured target 
analytes can be used to calculate the amount of target analyte in the sample using a binary 
readout method.
[054] More specifically, the present invention provides for an array of micron- to
nanoscale-sized reaction vessels specifically functionalized and capable of capturing target 
molecules that are enzymes or enzyme-labelled. The ability to immobilize the target allows the
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use of washing steps and indirect assays, as outlined below. In use, single enzyme (or enzyme- 
labelled) molecules are captured in individual reaction vessels and catalyze the production of a 
sufficient number of chromogenic product molecules to generate a detectable signal. In 

accordance with one embodiment relating to samples having low target analyte concentrations, 
only a portion of the reaction vessels bind a target molecule, thereby enabling a binary readout of 
target concentration from the array.
[055] . Thus, the direct enzymatic amplification in the method and system of the present
invention allows for direct amplification of a detectable signal. Further, unlike the prior art 
methods, the present invention allows for detection of low concentrations of protein.
[056] The quantification method, according to one embodiment, is a novel method for
concentration determination based on statistical analysis. The sample enzyme concentration is 
determined by distributing the enzyme-containing sample and a suitable substrate, into many 
nanoscale reaction vessels. In this method, the vessels contain either zero or one enzyme 
molecule. By observing the presence or absence of a fluorescent product resulting from single 
enzyme molecule catalysis in each reaction vessel, a binary readout method can be used to count 
enzyme molecules. Finally, the percentage of reaction vessels occupied by enzyme molecules is 
correlated to the bulk enzyme concentration.
I. Arrays
[057] The present invention provides array compositions comprising at least a first
substrate with a surface comprising a plurality of assay locations. By “array” herein is meant a 
plurality of capture components in an array format. The size of the array will depend on the 
composition and end use of the array. Arrays containing from about 2 different capture 
components to many millions can be made, with very large arrays being possible, including very 
large fiber optic arrays. Generally, the array will comprise from two to as many as a billion or 
more capture components, depending on the size of the wells and the substrate, as well as the end 
use of the array, thus very high density, high density, moderate density, low density and very low 
density arrays may be made. Preferred ranges for very high density arrays are from about 
10,000,000 to about 2,000,000,000, with from about 100,000,000 to about 1,000,000,000 being 
preferred. High density arrays range about 100,000 to about 10,000,000, with from about 
1,000,000 to about 5,000,000 being particularly preferred. Moderate density arrays range from 
about 10,000 to about 50,000 being particularly preferred, and from about 20,000 to about
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30,000 being especially preferred. Low density arrays are generally less than 10,000, with from 
about 1,000 to about 5,000 being preferred. Very low density arrays are less than 1,000, with 
from about 10 to about 1000 being preferred, and from about 100 to about 500 being particularly 

preferred. In some embodiments, multiple substrates may be used, either of different or identical 
compositions. Thus for example, large arrays may comprise a plurality of smaller substrates. 
[058] The compositions comprise a substrate. By “substrate” , “array substrate” or
“solid support” or other grammatical equivalents herein is meant any material that can be 
modified to contain discrete individual sites appropriate for the attachment or association of 
target analytes and is amenable to at least one detection method. As will be appreciated by those 
in the art, the number of possible substrates are very large, and include, but are not limited to, 
glass and modified or functionalized glass, plastics (including acrylics, polystyrene and 
copolymers of styrene and other materials, polypropylene, polyethylene, polybutylene, 
polyurethanes, Teflon™, etc.), polysaccharides, nylon or nitrocellulose, composite materials, 
ceramics, and plastic resins, silica or silica-based materials including silicon and modified 
silicon, carbon, metals, inorganic glasses, plastics, optical fiber bundles, and a variety of other 
polymers. In general, the substrates allow optical detection and do not appreciably fluoresce.
[059] In one embodiment, the substrate comprises the end of an optical fiber bundle.
Alternatively, the substrate does not comprise the ends of an optical fiber bundle. For example, 
the substrate may be a spotted, printed or photolithographic substrate known in the art; see for 
example WO 95/25116; WO 95/35505; PCT US98/09163; U.S. Patent Nos. 5,700,637; 
5,807,522 and 5,445,934; and U.S.S.N.s 08/851,203 and 09/187,289, and references cited within, 
all of which are expressly incorporated by reference. One advantage of using the distal end of a 
optical fiber bundle as a substrate in the present invention is that the individual fibers in contact 
with each well can be used to carry both excitation and emission light to and from the wells, 
enabling remote interrogation of the well contents. Further, an array of optical fibers provides 
the capability for simultaneous excitation of molecules in adjacent vessels, without signal “cross
talk” between fibers. That is, excitation light transmitted in one fiber does not escape to a 
neighboring fiber.
[060] In one embodiment, the substrate is planar, although as will be appreciated by
those in the art, other configurations of substrates may be used as well; for example, three 
dimensional configurations can be used. Preferred substrates include optical fiber bundles as
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discussed below, and flat planar substrates such as glass, polystyrene and other plastics and 

acrylics.
[061] In one embodiment, at least one surface of the substrate is modified to contain
discrete, individual sites (also referred to herein as “reaction vessels” and “microwells”) for later 
association of target analytes. These sites generally comprise physically altered sites, i.e. 
physical configurations such as wells or small depressions in the substrate that can retain the 
beads. The microwells may be formed as is generally known in the art using a variety of 
techniques, including, but not limited to, photolithography, stamping techniques, molding 
techniques and microetching techniques. As will be appreciated by those in the art, the technique 
used will depend on the composition and shape of the substrate.
[062] In one embodiment, physical alterations are made in a surface of the substrate to
produce the sites. In a preferred embodiment, the substrate is a fiber optic bundle and the surface 
of the substrate is a terminal end of the fiber bundle. In this embodiment, wells are made in a 
terminal or distal end of a fiber optic bundle comprising individual fibers. In this embodiment, 
the cores of the individual fibers are etched, with respect to the cladding, such that small wells or 
depressions are formed at one end of the fibers. The required depth of the wells will depend on 
the size of the beads to be added to the wells. In one aspect of the present invention, the physical 
alterations can be made as taught in U.S. Patents 6,023,540, 6,327,410, and 6,858,394, which are 
each incorporated by reference herein in their entirety.
[063] The sites may be a pattern, i.e. a regular design or configuration, or randomly
distributed. A preferred embodiment utilizes a regular pattern of sites such that the sites may be 
addressed in the X-Y coordinate plane. “Pattern” in this sense includes a repeating unit cell, 
preferably one that allows a high density of beads on the substrate.
[064] In accordance with one embodiment of the present invention, the reaction vessels
have a volume ranging from about 10 attoliters to about 50 picoliters. Alternatively, the reaction 
vessels range in size from about 1 femtoliter to about 1 picoliter. In a further alternative, the 
reaction vessels range from about 30 femtoliters to about 60 femtoliters.
[065] In one aspect of the present invention, the array is a fiber optic array. The array,
according to one embodiment, can be made as follows. First, the reaction vessels are formed on 

the distal end of a fiber optic bundle. According to one embodiment, the vessels are created 
using an etching process, such as, for example, an acid etching process, resulting in reaction
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vessels of the desired volume. That is, the etching process creates depressions or holes in the 
core material at the end of the fiber bundle, while the cladding material is not impacted, thus 
resulting in reaction vessels. Alternatively, both the core material and cladding material are 

etched, but the cladding material is etched at a slower rate than the core material, thereby 
resulting in reaction vessels. One advantage of the fiber optic array format is that it circumvents 
a complicated microfabrication procedure and provides the ability to observe many reaction 

vessels simultaneously.
II. Capture Components
[066] The microwells of the present invention comprise at least one capture component.
A capture component (also referred to as a “capture binding ligand,” “binding ligand,” “capture 
binding species,” or “capture probe”) is any molecule, compound, or microweil modification that 
can be used to probe for, attach, bind or otherwise capture a target analyte within a microweil on 
the substrate, such that the target analyte is immobilized during the assay. Generally, the capture 
binding ligand or component allows the attachment of a target analyte to the microweil, for the 

purposes of detection, quantification, or other analysis.
[067] As will be appreciated by those in the art, the composition of the capture

component will depend on the composition of the target analyte. Capture components for a wide 
variety of analytes are known or can be readily found using known techniques. For example, 
when the analyte is a protein, the capture components or binding ligands include proteins 
(particularly including antibodies or fragments thereof (FAbs, etc.)) or' small molecules. 
Preferred capture component proteins include peptides. For example, when the analyte is an 
enzyme, suitable binding ligands include substrates and inhibitors. Antigen-antibody pairs, 
receptor-ligands, and carbohydrates and their binding partners are also suitable analyte-binding 
ligand pairs. In.addition, when the analyte is a single-stranded nucleic acid, the binding ligand 
may be a complementary nucleic acid. Similarly, the analyte may be a nucleic acid binding 
protein and the capture binding ligand is either single-stranded or double stranded nucleic acid; 
alternatively, the binding ligand may be a nucleic acid-binding protein when the analyte is a 
single or double-stranded nucleic acid. Alternatively, as is generally described in U.S. Patents 
5,270,163, 5,475,096, 5,567,588, 5,595,877, 5,637,459, 5,683,867,5,705,337, and related patents, 
hereby incorporated by reference, nucleic acid “aptomers” can be developed for binding to 
virtually any target analyte. As will be appreciated by those in the art, any two molecules that
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will associate may be used, either as an analyte or as the capture component. Similarly, there is a 
wide body of literature relating to the development of capture components based on 

combinatorial chemistry methods.
[068] Suitable analyte/capture component pairs include, but are not limited to,
antibodies/antigens, receptors/ligands, proteins/nucleic acid, enzymes/substrates and/or 
inhibitors, carbohydrates (including glycoproteins and glycolipids)/lectins, proteins/proteins, 
proteins/small molecules; and carbohydrates and their binding partners are also suitable analyte
binding ligand pairs. These may be wild-type or derivative sequences. According to one 
embodiment, the capture components are portions (particularly the extracellular portions) of cell 
surface receptors that are known to multimerize, such as the growth hormone receptor, glucose 
transporters (particularly GLUT 4 receptor), transferring receptor, epidermal growth factor 
receptor, low density lipoprotein receptor, high density lipoprotein receptor, epidermal growth 
factor receptor, leptin receptor, interleukin receptors including IL-1, IL-2, IL-3, IL-4, IL-5, TL-6, 
IL-7, IL-8, IL-9, IL-11, IL-12, IL-13, IL-15, and IL-17 receptors, human growth hormone 
receptor, VEGF receptor, PDGF receptor, EPO receptor, TPO receptor, ciliary neurotrophic 
factor receptor, prolactin receptor, and T-cell receptors.
[069] In a preferred embodiment, the capture component is attached to the microwell or
reaction vessel as outlined herein, for example via an “attachment component” (also referred to 
herein as an “attachment linker”). An “attachment component,” as used herein, is defined as any 
component, functionalization, or modification of the microwells that results in the attachment of 
the capture component, and can include bonds and/or linkers. Alternatively, the capture 
component may utilize a capture extender component. In this embodiment, the capture 
component or binding ligand comprises a first portion that will bind the target analyte and a 
second portion that can be used for attachment to the surface.
[070] The method of attachment of the capture binding ligand to the attachment linker
will generally be done as is known in the art, and will depend on the composition of the 
attachment linker and the capture binding ligand. In general, the capture binding ligands are 
attached to the attachment linker through the use of functional groups on each that can then be 
used for attachment. According to one embodiment, the functional group is a chemical 
functionality. That is, the microwell surface is derivatized such that a chemical functionality is 
bound to the surface. Preferred functional groups for attachment are amino groups, carboxy
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groups, oxo groups and thiol groups. These functional groups can then be attached, either 
directly or through the use of a linker, sometimes referred to herein as a “cross-linker.” Linkers 

are known in the art; for example, homo-or hetero-bifunctional linkers as are well known (see 
1994 Pierce Chemical. Company catalog, technical section on cross-linkers, pages 155-200, 
incorporated herein by reference). Preferred linkers include, but are not limited to, alkyl groups 
(including substituted alkyl groups and alkyl groups containing heteroatom moieties), with short 
alkyl groups, esters, amide, amine, epoxy groups and ethylene glycol and derivatives being 
preferred. Linkers may also be a sulfone group, forming sulfonamide.
[071] According to one embodiment, the functional group is a light-activated functional
group. That is, the functional group can be activated by light to attach to the target analyte or to 
the crosslinker. One example is the PhotoLink™ technology available from SurModics, Inc. in 
Eden Prairie, MN.
[072] In one alternative aspect of the invention, the functional group is added without
derivatizing the well surface. That is, the functional groups can be added to the surface by 
adding a molecule having an attached functional group attached, wherein the molecule has a 
binding affinity for the well surface. The molecule, according to one embodiment is bovine 

serum albumin. Alternatively, the molecule is any protein capable of binding or sticking to the 
vessel surface. In a further alternative, the molecule is any molecule capable of binding or 
sticking to the vessel surface. In one example, the molecule is bovine serum albumin with free 
amine groups on its surface. The crosslinker can then be added to attach to the amine groups. 
[073] According to one exemplary embodiment in which the capture component is a
chemical crosslinker, the target analyte is attached using chemical crosslinking in the following 
manner. First, the reaction vessel surface is derivatized with a functional group such as NH2. 
Next, the crosslinker and the target analyte are added to the array such that the crosslinker 
attaches to the NH2 and the target analyte attaches to the crosslinker. In an alternative 
embodiment described in further detail below in which the target analyte is not an enzyme, a 
label having an enzymatic component can also be attached to the target analyte.
[074] In this way, capture binding ligands comprising proteins, lectins, nucleic acids,
small organic molecules, carbohydrates, etc. can be added.
[075] One embodiment utilizes proteinaceous capture components or capture binding
ligands. As is known in the art, any number of techniques may be used to attach a proteinaceous
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capture binding ligand. “Protein” in this context includes proteins, polypeptides, peptides, 
including, for example, enzymes. A wide variety of techniques are known to add moieties to 
proteins. One preferred method is outlined in U.S. Patent No. 5,620,850, hereby incorporated by 
reference in its entirety. The attachment of proteins to surfaces is known; see also Heller, Acc. 
Chem. Res. 23:128 (1990), and related work.
[076] An alternative embodiment utilizes nucleic acids as the capture binding ligand, for
example for when the target analyte is a nucleic acid or a nucleic acid binding protein, or when 
the nucleic acid serves as an aptamer for binding a protein, as is well known in the art.
[077] According to one embodiment, each microwell comprises a plurality of capture
components. The plurality of capture components, in one aspect of the invention, are distributed 
on the surface of the well like a “lawn.” Alternatively, the capture components are distributed in 

any known fashion.
[078] The binding between the capture component and the target analyte, in accordance
with one embodiment, is specific and the capture component is part of a binding pair. That is, 
the capture component is a target specific capture component that specifically binds with or has 
specificity for the target analyte. More specifically, the capture component binds specifically 
and directly to the target analyte. By “specifically bind” or “binding specificity” herein is meant 
that the capture component binds the analyte with specificity sufficient to differentiate between 
the analyte and other components or contaminants of the test sample. For example, the capture 
component according to one embodiment is an antibody that binds specifically to some portion 
of the target analyte. The antibody, according to one embodiment, can be any antibody capable 
of binding specifically to a target analyte. For example, appropriate antibodies include, but are 
not limited to, monoclonal antibodies, bispecific antibodies, minibodies, domain antibodies, 
synthetic antibodies (sometimes referred to as “antibody mimetics"), chimeric antibodies, 
humanized antibodies, antibody fusions (sometimes referred to as “antibody conjugates”), and 
fragments of each, respectively.
[079] However, as will be appreciated by those in the art, it is possible to detect analytes
using binding which is not highly specific; for example, the systems may use different capture 
components such as, for example, an array of different ligands, and detection of any particular 

analyte is via its “signature” of binding to a panel of binding ligands, similar to the manner in 
which “electronic noses” work. This finds particular utility in the detection of chemical analytes.
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The binding should be sufficient to remain bound under the conditions of the assay, including 
wash steps to remove non-specific binding. In some embodiments, for example in the detection 

of certain biomolecules, the binding constants of the analyte to the binding ligand will be at least 
about 104-106 M'1, with at least about 105 to 109 M'1 being preferred and at least about 107 -109 

M'1 being particularly preferred.
[080] According to one embodiment in which the target analyte is a cell, including, for
example, bacterial cells, the capture component is an adhesin receptor molecule. In use, the 
adhesin receptor molecule binds with a surface protein called an adhesin on the extracellular 
surface of the target cell, thereby immobilizing or capturing the cell. Alternatively, in 
embodiments in which the target analyte is another type of cell (a non-bacterial cell), the capture 
component is an appropriate cell surface receptor that binds the target analyte cell. In a further 
embodiment in which the target analyte is a cell, the capture component is fibronectin. For 
example, fibronectin can be used when the target analyte is a nerve cell.
[081] Alternatively, the capture component is a non-specific capture component. That
is, the capture component does not bind specifically to a target analyte, but rather binds to a 
corresponding binding partner associated with or attached to the target analyte. For example, the 
non-specific capture component according to one embodiment is a chemical cross-linker as 
described above. According to one embodiment, every peptide molecule in a target sample can 

attach to the chemical cross-linker. This type of system can be used to identify enzyme target 
analytes because the analytes are detected by modifying the substrate.
[082] In one example of a non-specific capture component according to one
embodiment, the capture component is streptavidin, which binds with high affinity to biotin, and 
thus binds to any molecule to which biotin has been attached. Alternatively, the capture 
component is biotin, and streptavidin is attached to or associated with the target analyte such that 
the target analyte can be captured by the biotin.
[083] According to one embodiment, the capture component is added to the reaction
vessels in the following manner. First, the micro wells are prepared for attachment of the capture 
component(s). That is, the microwells are modified or an attachment component is added to the 
microwells such that the capture component(s) will attach to the microwells. In one 
embodiment, the, microwells are derivatized with a chemical functionality as described above. 
Next, the capture component is added.
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[084] One example of capture component attachment is depicted· in FIG. 1, in which
reaction vessels of the present invention are functionalized with biotin. As shown in FIG. la, the 
array of the present invention in this example is a fiber optic bundle 10. To attach the capture 
component 18, the microwells are first modified with an attachment component 16, which in this 
example is an aminopropyl silane 16 that is bound to both the core 12 and cladding 14 surfaces 

of the distal end of the fiber bundle 10, as shown in FIG. lb. The modification with aminopropyl 
silane is effective in this example because NHS-biotin attaches to an amino-silanized surface 16. 
However, since the capture component 18 should be present only within the reaction vessels, the 
external surfaces of the substrate, such as the external surfaces of the cladding 14, should not be 
silanized. That is, the silanization must be removed from the external cladding surface 14 to 
avoid biotin attachment. In this example as shown in FIG. lc, the silanization 16 was removed 
from the external cladding layer 14 by polishing the amino-silanized fibers for 10 seconds with 

0.3 pm lapping film, thereby removing the top amino-silanized cladding layer.

[085] After the attachment component 16 has been added to the microwells, the capture
component 18 can be attached. In the example in FIG. 1, the capture component 18 is biotin 18. 
As shown in FIG. Id, biotin succinimidyl ester 18 is attached to the amino groups 16 on the well 
surfaces 12.
III. Target Analytes

[086] As discussed herein, the array of the present invention provides for detection,
quantification, and further analysis of target analytes. By “target analyte” or “analyte” or 
grammatical equivalents herein is meant any atom, molecule, ion, molecular ion, compound or 
particle to be either detected or evaluated for binding partners.
[087] According to one embodiment, the target analyte is an enzyme. For example, the
enzyme can be an enzyme from any of the six enzyme classifications: oxidoreductases, 
transferases, hydrolases, lyases, isomerases, and ligases. Thus, appropriate enzymes include, but 
are not limited to, polymerases, cathepsins, calpains, amino-transferases such as, for example, 
AST and ALT, proteases such as, for example, caspases, nucleotide cyclases, transferases, 
Upases, enzymes associated with heart attacks, and the like. When the system of the present 
invention is used to detect viral or bacterial targets, appropriate enzymes include viral or 
bacterial polymerases and other such enzymes, including viral or bacterial proteases.
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[088] Alternatively, the target analyte has an enzymatic component. For example, the
target analyte can be a cell having an enzyme or enzymatic component present on its 
extracellular surface. Alternatively, the target analyte is a cell having no enzymatic component. 
Such a cell is typically identified using an indirect assaying method described below such as a 

“sandwich” assay.
[089] In accordance with another embodiment, the target analyte is not an enzyme. As
will be appreciated by those in the art, a large number of analytes may be used in the present 
invention; basically, any target analyte can be used which binds a capture component and/or a 
secondary binding ligand. As will he explained in further detail below, these target analytes are 
typically identified using an indirect assay such as a “sandwich” assay. As mentioned above, 
one suitable target analyte is a cell. In addition, suitable analytes include organic and inorganic 
molecules, including biomolecules. In a preferred embodiment, the target analyte is a protein. 
As will be appreciated by those in the art, there are a large number of possible proteinaceous 
target analytes that may be detected or evaluated for binding partners using the present invention. 
In addition to enzymes as discussed above, suitable protein target analytes include, but are not 
limited to, (1) immunoglobulins; (2) hormones and cytokines (many of which serve as ligands 
for cellular receptors); and (3) other proteins.
[090] According to one embodiment in which the target analyte is not an enzyme and a
sandwich assay is performed as described in further detail below, the enzymatic label as 
described in further detail below can be beta galactosidase. Alternatively, the enzyme label can 
be, but is not limited to, alkaline phosphatase or horseradish peroxidase.
[091] Further suitable target analytes include, but are not limited to, an environmental
pollutant (including pesticides, insecticides, toxins, etc.); a chemical (including solvents, 
polymers, organic materials, etc.); therapeutic molecules (including therapeutic and abused 
drugs, antibiotics, etc.); biomolecules (including hormones, cytokines, proteins, nucleic acids, 
lipids, carbohydrates, cellular membrane antigens and receptors (neural, hormonal, nutrient, and 
cell surface receptors) or their ligands, etc); whole cells (including procaryotic (such as 
pathogenic bacteria) and eukaryotic cells, including mammalian tumor cells); viruses (including 
retroviruses, herpesviruses, adenoviruses, lentiviruses, etc.); and spores; etc.
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IV. Enzymatic Substrate
[092] After the target analyte(s) are captured within the microwell(s) (and after a
washing step, according to certain embodiments), a reaction component is added to the array. By 

“reaction component,” as used herein, is meant a molecule that affects an enzymatic reaction 
when contacted with an enzyme or enzymatic molecule. By “affects” a reaction is meant to 
include, but is not limited to, inducing, activating, or altering (for example, slowing down or 
speeding up) a reaction, or inhibiting a reaction. According to one embodiment, the reaction 
component is a chromogenic enzymatic substrate. A “chromogenic enzymatic substrate” as used 
herein is any molecule that is converted by an enzyme into a chromogenic product as a result of 
an enzymatic reaction. “Chromogenic” means relating to color or pigment in the optical (visible 
light) spectrum and includes fluorogenic.
[093] It is understood in the art that chromogenic substrates are known or can be made
for enzymes in any of the six enzyme classifications. Thus, any known chromogenic substrate 
capable of producing a chromogenic product in a reaction with a particular enzyme can be used 
in the present invention, including any of the chromogenic enzyme substrates disclosed in The 
Handbook — A Guide to Fluorescent Probes and Labeling Technologies, Tenth Ed., Chapter 10, 
http://probes.invitrogen.com/handbook/sections/1000.html, which is incorporated herein by 
reference in its entirety.
[094] According to one embodiment in which the assay of the present invention is a
sandwich assay as described further herein in which the enzyme label is beta galactosidase, the 

substrate added to the array is a beta galactosidase substrate such as resorufin-p-D- 
galactopyranoside.
V. Assay Methods
[095] The array of the present invention can be used for several different assay methods.
More specifically, the present invention provides for both (a) target analyte detection and (b) 
quantification of target analyte concentration in a sample.
[096] Generally, the system or array of the present invention is exposed to an analyte of
interest (or contacted with a sample containing an analyte of interest) and the analyte is 
immobilized by a capture component in a microwell, under conditions suitable for 
immobilization of the target analyte to at least one of the capture components, i.e. generally 
physiological conditions. For purposes of the present application, the term “immobilized” means
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attached, bound, or affixed to a capture component in a microwell. Thus, the interaction between 
any analyte molecule and the capture component in a microwell results in immobilization of the 

analyte molecule within that microwell.
[097] According to one aspect of the invention, the sample of interest is placed in
contact with the array of the present invention (or the array is incubated in the sample) for a 

period of from about 45 minutes to about 75 minutes. Alternatively, the array and sample are 
contacted for a period of from about 50 minutes to about 70 minutes. In a further alternative, 
the incubation period is about 1 hour.
[098] According to one embodiment, a wash step is performed after contacting the array
with the sample. The wash step is intended to wash away any target analytes or non-target 
molecules that are not bound to a capture component. Alternatively, no wash step is needed. 
[099] In one aspect of the invention, a secondary binding ligand is then added to the
array. Generally, the secondary binding ligand is added if the assay is an indirect assay such as a 
“sandwich assay” (when the target analyte is not an enzyme), as described in further detail 
herein. The secondary binding ligand, as discussed above, will associate with or bind to the 
bound target analyte and comprises an enzymatic component. The secondary binding ligand is 
added in an amount sufficient to ensure that a ligand comes into contact with every bound target 
analyte in the array. Alternatively, no secondary binding ligand is added, such as, for example, 
when the target analyte is going to be detected directly.
[0100] A chromogenic enzymatic substrate as described above is then introduced or
added to the array. The chromogenic enzymatic substrate is provided in an amount sufficient to 
contact any captured target analyte. The chosen substrate reacts with or is modified by the 
enzymatic component such that the reaction produces a chromogenic product and thus an optical 
signal. The presence of the chromogenic product in the array can provide information about the 
identity and/or concentration of an analyte based on the interaction of the analyte with the 
capture component and the enzymatic substrate (and the secondary binding ligand, in some 
cases).
[0101] In one embodiment of the present invention, the microwells are sealed after the
enzymatic substrate is added. That is, a sealing component is placed in contact with the face of 

the substrate, thereby fluidly isolating each microwell and sealing its contents therein. A 
“sealing component,” as used herein, is defined as any material or device large enough to cover
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the entire surface of the array substrate and capable of contacting the array substrate surface such 
that each reaction vessel is sealed or isolated such that the contents of each vessel cannot escape 
the vessel. According to one embodiment, the sealing component is a silicone elastomer gasket 

that is placed against the substrate surface with a uniform pressure across the entire substrate. 
By sealing the contents in each microwell, the enzymatic reaction can proceed within the 
microwell, thereby producing a detectable amount of the chromogenic product that is retained in 
the microwell for detection purposes. That is, the enzyme converts the substrate into a 
chromogenic product that builds up to a locally high concentration in each sealed vessel, 
generating a detectable chromogenic signal.
[0102] According to one embodiment, the present invention provides for a microscope
system equipped with a mechanical platform that applies the sealing component. The platform is 
positioned beneath the microscope stage on the microscopy system. After the assay contents 
have been added to each well, the sealing component is sandwiched between a flat surface (such 
as, for example, a microscope slide) and the array substrate using uniform pressure applied by 
the mechanical platform.
[0103] The assays may be run under a variety of experimental conditions, as will be
appreciated by those in the art. A variety of other reagents may be included in the screening 
assays. These include reagents like salts, neutral proteins, e.g. albumin, detergents, etc which 
may be used to facilitate optimal protein-protein binding and/or reduce non-specific or 
background interactions. Also, reagents that otherwise improve the efficiency of the assay, such 
as protease inhibitors, nuclease inhibitors, anti-microbial agents, etc., may be used. The mixture 
of components may be added in any order that provides for the requisite binding. Various 
blocking and washing steps may be utilized as is known in the art.
[0104] The microwells exhibiting activity or changes in their optical signature may be
identified by a conventional optical train and optical detection system. Depending on the 
particular chromogenic enzymatic substrates used and the operative wavelengths of their 
chromogenic products, optical filters designed for a particular wavelengths may be employed for 
optical interrogation of the microwells. In a preferred embodiment, the system or array of the 
present invention is used in conjunction with an optical fiber bundle or fiber optic array as a 
substrate.
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[0105] According to one embodiment, the array of the present invention can be used in
conjunction with an optical detection system such as the system described in U.S. Application 
No. 09/816,651, which is incorporated herein by reference in its entirety. For example, 
according to one embodiment, the array of the present invention is the distal end of a fiber optic 
assembly comprising a fiber optic bundle constructed of clad fibers so that light does not mix 
between fibers. As depicted in the 09/816,651 Application, the proximal end of the bundle is 
received by a z-translation stage and x-y micropositioner.
[0106] The optical detection system of U.S. Application No. 09/816,651 operates as
follows. Light returning from the distal end of the bundle is passed by the attachment to a 
magnification changer which enables adjustment of the image size of the fiber’s proximal or 
distal end. Light passing through the magnification changer is then shuttered and filtered by a 
second wheel. The light is then imaged on a charge coupled device (CCD) camera. A computer 
executes imaging processing software to process the information from the CCD camera and also 
possibly control the first and second shutter and filter wheels.
[0107] The array or system of the present invention may be attached to the distal end of
the optical fiber bundle using a variety of compatible processes. Wells are formed at the center 
of each optical fiber of the bundle. Thus, each optical fiber of the bundle conveys light from the 
single microwell formed at the center of the fiber’s distal end. This feature is necessary to enable 
the interrogation of the optical signature of individual microwells to identify reactions in each 
microwell. Consequently, by imaging the end of the bundle onto the CCD array, the optical 

signatures of the microwells are individually interrogatable.
/4. Detection

[0108] In one aspect of the present invention, the present array can be used to detect the
presence of a target analyte in a sample. More specifically, the invention provides a method for 
detecting the product of the enzymatic reaction as an indication of the presence of the target 
analyte.

[0109] The method of detection can proceed either directly or indirectly. If the target
analyte is an enzyme, the analyte can be identified by a direct method of detection. 
Alternatively, if the target analyte is not an enzyme and thus cannot produce a chromogenic 
product in the presence of a chromogenic enzymatic substrate, the analyte is identified by an 
indirect method of detection.
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[0110] The direct method of detection, which involves a target analyte that is an enzyme,
proceeds as follows. First, the sample of interest and the array are placed in contact as described 
in further detail above under suitable conditions. Subsequently, the chromogenic enzymatic 
substrate is added.

[0111] The presence or absence of the target analyte in any given microwell is then
detected by optical interrogation. That is, any change in the optical signal caused by production 
of a chromogenic product is detected. In any microwell containing the target analyte, the analyte 
modifies or acts upon the substrate in some way, thereby resulting in the release of a 
chromogenic product, resulting in a change in the optical signal from the microwell. The 
chromogenic reaction product is then optically detected.

[0112] In one embodiment of the present invention, the microwells are sealed after the
enzymatic substrate is added, as described above.
[0113] The indirect methods of detection involve a target analyte that does not have
enzymatic properties. Two indirect methods that can be used with the present invention are the 
“sandwich” assay and the “competitive” assay.
[0114] A sandwich assay can be performed as depicted in FIG. 2. First, the sample of
interest and the array 10 are placed in contact as shown in FIG. 2a and as described in further 
detail above. Under suitable conditions, target analyte 12 present in the sample is captured by 
the capture components 16 in the microwells 14, as shown in FIG. 2b. According to one 
embodiment, a wash step is then performed.

[0115] Next, a solution binding ligand 18 (also referred to herein as a “secondary binding
ligand”) is added to the array 10, as shown in fig. 2c. Solution binding ligands 18 are similar to 
capture components 16 in that they bind to target analytes 12. The solution binding ligand 18 
may be the same or different from the capture binding ligand 16. The binding of the solution 
binding ligand 18 to a captured target analyte 12 forms a “sandwich” of sorts. In the absence of 
the target analyte, the solution binding ligand 18 is washed away.
[0116] A solution binding ligand 18 has two components — a binding component 22 and
an enzymatic label 24. The binding component 22 is the portion of the solution binding ligand 
18 that binds to the target analyte 12. Typically, the solution binding ligand 18 binds to a 
different portion of the target analyte 12 than the capture component 16, because if both the 
capture component 16 and solution binding ligand 18 were to bind to the same portion, the
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solution binding ligand 18 would not be capable of binding to a captured target analyte 12. 
Thus, the chosen secondary binding ligand 18 can bind to the target analyte 12 while the target 
analyte 12 is bound to a microwell 14 via a capture component 16.
[0117] The enzymatic label 24 is the portion of the solution binding ligand 18 that
exhibits enzymatic activity. According to one embodiment, the enzymatic label 24 is an enzyme 

attached to the solution binding ligand 18.
[0118] Subsequently, the chromogenic enzymatic substrate is added.
[0119] In one embodiment of the present invention, the microwells are sealed after the
enzymatic substrate is added, as described above.
[0120] The presence or absence of the target analyte in any given microwell is then
detected by optical interrogation. That is, any change in the optical signal caused by production 
of a chromogenic product is detected. In any microwell containing the target analyte and the 
secondary binding ligand, the enzyme associated with the secondary binding ligand modifies or 
acts upon the substrate in some way, thereby producing a chromogenic product, resulting in a 
change in the optical signal from the microwell. The product is then optically detected.
[0121] The competitive assay operates as follows. First, a labelled molecule is added to
the array of the present invention, wherein the label is a enzyme or enzymatic component. In 
this embodiment, the chosen labelled molecule binds with the capture component such that the 
addition of the labelled molecule to the array results in labelled molecules being bound to 
capture components in the microwells.
[0122] Next, the sample of interest and the array are placed in contact as described in
further detail above. The presence of the target analyte in the array causes the displacement of 
the labelled molecule and binding of the analyte to the capture components. The displacement 
occurs for the following reason: in this embodiment, the chosen capture component is capable of 
binding to either of the labelled molecule or the target analyte, thus resulting in a competitive 
binding situation. As a result, if a labelled molecule is bound to a capture component in a 
microwell and a target analyte is added, the target analyte will displace the labelled molecule 
under suitable conditions.

[0123] According to one embodiment, a wash step is then performed to remove any non
bound labelled molecules from the array.
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[0124] Subsequently, the chromogenic enzymatic substrate is added. And as discussed
above, according to one aspect of the invention, the microwells are sealed after the enzymatic 

substrate is added. Alternatively, the microwells are not sealed.
[0125] The presence or absence of the target analyte in any given microweil is then
detected by optical interrogation. But unlike the optical interrogations that are described above, 
in this interrogation it is the lack of a chromogenic product that indicates the presence of the 
target analyte in the microweil. In any microweil containing the target analyte, no enzymatic 
action occurs and no change occurs in the optical signal from the microweil. In contrast, in any 
microweil in which the labelled molecule is still present, an optical signal is detected.
[0126] In an alternative version of the competitive assay embodiment, both the labelled
molecule and sample of interest are added to the array at the same time in fixed volumes. In this 
version, the target analyte and labelled molecule compete directly for the binding sites on the 
capture components.

J
1. Subpopulations of identical capture components to same target analyte

[0127] In accordance with one detection embodiment, sensor redundancy is used. In this
embodiment, a plurality of reaction vessels comprising identical capture components referred to ·>,
as “subpopulations” are used. That is, each subpopulation comprises a plurality of identical 
capture components present in microwells of the array. Further, according to one embodiment, 
each subpopulation comprises a plurality of microwells comprising identical capture 
components. By using a number of identical capture components for a given array, the optical 
signal from each microweil can be combined for the subpopulation and any number of statistical 
analyses run, as outlined below. This can be done for a variety of reasons. For example, in time 
varying measurements, redundancy can significantly reduce the noise in the system. For non
time based measurements, redundancy can significantly increase the confidence of the data. 
[0128] The number of subpopulations, according to one embodiment, can range from 2 to
any number of subpopulations possible given the limitations of any known array and the number 
of different capture components. Alternatively, the number can range from about 2 to about 10. 
In a further alternative, the number can range from about 2 to about 5.
[0129] In one embodiment, a plurality of identical capture components are used. As will
be appreciated by those in the art, the number of identical capture components in a subpopulation 
will vary with the application and use of the sensor array. In general, anywhere from 2 to
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thousands of identical capture components may be used in a given subpopulation, with from 2 to 
100 being preferred, 2 to 50 being particularly preferred and from 5 to 20 being especially 
preferred. In general, preliminary results indicate that roughly 10 identical capture components 

in a subpopulation gives a sufficient advantage, although for some applications, more identical 
capture components can be used.
[0130] Once obtained, the optical response signals from a plurality of microwells within
each subpopulation (that is, having the same capture component) can be manipulated and 
analyzed in a wide variety of ways, including baseline adjustment, averaging, standard deviation 
analysis, distribution and cluster analysis, confidence interval analysis, mean testing, etc.

2. Multiple different capture components to same target analyte
[0131] In addition to the sensor redundancy, the array of the present invention according
to one embodiment utilizes a plurality of capture components that are directed to a single target 
analyte but are not identical. This embodiment provides for more than one different capture 
component in each microwell or different capture components in different microwells. In one 
example, a single target analyte may be provided to which two or more capture components are 
capable of binding. This adds a level of confidence as non-specific binding interactions can be 
statistically minimized. In this embodiment, when proteinaceous target analytes are to be 
evaluated, preferred embodiments utilize capture components that bind to different parts of the 
target. For example, when two or more antibodies (or antibody fragments) to different portions 
of the same target protein are used as capture components, preferred embodiments utilize 
antibodies to different epitopes. Similarly, when nucleic acid target analytes are to be evaluated, 
the redundant nucleic acid probes may be overlapping, adjacent, or spatially separated. 
However, it is preferred that two probes do not compete for a single binding site, so adjacent or 
separated probes are preferred.
[0132] In this embodiment, a plurality of different capture components may be used, with
from about 2 to about 20 being preferred, and from about 2 to about 10 being especially 
preferred, and from 2 to about 5 being particularly preferred, including 2, 3, 4 or 5. However, as 
above, more may also be used, depending on the application.

3. Multiple different capture components to multiple target analytes
[0133] According to another embodiment, the array of the present invention utilizes a
plurality of different capture components that are directed to a plurality of target analytes. This
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embodiment includes more than one different capture component in each microwell or different 
capture components in different microwells. In one example, two or more target analytes may be 

provided to which two or more capture components in the same microwells or different 
microwells are capable of binding.
[0134] In this embodiment, more than one target analyte can be identified. For example,
two or more target analytes can be identified so long as each different analyte is a different 
enzyme or has a different enzymatic component such as a enzymatic surface molecule. In one 
embodiment, the target analytes are identified using multiple enzymatic substrates wherein each 
substrate produces a different color upon interaction with the appropriate enzyme. Thus, each 
target analyte can be distinguished based on the color produced by reaction with the substrate. In 
an alternative embodiment, the target analytes are identified using multiple substrates that each 
produce the same color. Thus, each target analyte can be distinguished by added the substrates 
sequentially.
[0135] In this embodiment, a plurality of different capture components may be used, with
from about 2 to about 20 being preferred, and from about 2 to about 10 being especially 
preferred, and from 2 to about 5 being particularly preferred, including 2, 3, 4 or 5. However, as 
above, more may also be used, depending on the application.
[0136] Please note that each of the different assay configurations above, including the
capture component subpopulations directed to different target analytes and the plurality of 
capture components directed to the same analyte, can also be utilized for quantification as 
described below.

B. Quantification
[0137] According to one embodiment of the present invention, the present array cannot
only be used for detection of a target analyte in a sample, but also for quantification of the 
analyte in the sample. That is, there is a correlation between the percentage of reaction vessels 
containing target analytes and the concentration of the analyte in the sample. Thus, the 
quantification method of the present invention allows for calculation of the amount of a target 
analyte in a sample based on the percentage of microwells that captured a target analyte.
[0138] Without being limited by theory, the quantification method is driven in part by the
fact that the number and volume of reaction vessels employed govern the dynamic range of 
concentrations that can be determined by this technique. That is, based on the number and
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volume of the reaction vessels in an array of the present invention, an estimate can be made of 
the range of concentrations of target analyte in solution that allow for the concentration to be 
determined using the method of the present invention.
[0139] For example, for an array as disclosed in Example 2 with reaction vessels each

5 having a volume of 46 fL, a solution having a concentration of 3.6 x 10’11 M β-galactosidase will 

yield, on average, one enzyme molecule per vessel. However, it is important to note that 
distributing a solution having a target analyte concentration within the appropriate range into an 
array of reaction vessels will not result in the distribution of exactly one enzyme molecule per 
vessel; statistically, some vessels will have multiple molecules while others will have zero. In

10 the case where the number of enzyme molecules per vessel is high, the data can be fit to a 
Gaussian distribution. As the ratio of enzyme molecules to reaction vessels approaches zero, the 
Poisson distribution applies. This limiting distribution is used to calculate the probability of rare 
events occurring in a large number of trials. For example, based on Poisson statistics, for a 
concentration of 3.6 x 10'11 M, a distribution between zero and five enzyme molecules per

15 container is observed, with the most probable values being zero and one.
[0140] Equation 1 can be used to determine the probability of observing v events based

on the expected average number of events per trial, μ.

Equation 1: Ρμ(ν) = ε'μ (μν/ν!)

[0141] If the concentrations used are much less than 3.6 x 10'11 M, the expected average
20 becomes exceptionally low, the distribution is narrowed, and the probability of observing 

anything other than 0 or 1 events per trial is improbable in all experimental cases. At these low 
concentrations, the relationship between the percentage of active reaction vessels and the bulk 
enzyme concentration is approximately linear. Thus, based on this knowledge, the array of the 
present invention can be used to determine the concentration of a target analyte in a sample by a

25 simple digital readout system as described herein.
[0142] According to one embodiment, the quantification method of the present invention
can be performed as follows. The method is a digital readout system (also referred to as a 
“binary readout system”) that includes first detecting the target analytes in the array of 
microwells by any detection method described above. The number of reaction vessels is then

30 counted and a percentage of the total number of reaction vessels is calculated. That is, utilization 
of a yes or no response, in conjunction with the high-density array of reaction vessels, permits
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the digital readout of bulk concentrations of β-galactosidase. This readout is accomplished by 

counting the vessels containing an active enzyme molecule across the array, with the resulting 

“active well” percentage correlating to the enzyme concentration. Given the large number of 

vessels simultaneously interrogated in the array of the present invention, the ratio of enzyme 
molecules to reaction vessels could be as low as 1:500, as the large number of wells provides a 

statistically significant signal even at this low ratio.
[0143] Without being limited by theory, it is believed that the quantification method of
the present invention is only limited by the number of individual reaction vessels that can be 
viewed with an acceptable resolution. Thus, expanding the number of vessels that are 
interrogated by using higher density CCD chips will decrease the limit of detection as the lower 
limit is defined by the statistics of the small number of active wells that light up at the lower 
target concentrations. .On the other hand, the upper limit of the dynamic range is controlled by 
the well-to-well deviation from a binary readout. As target concentrations are increased, the 
binary readout is lost, as a Gaussian distribution becomes a better approximation of target 
molecule binding. Higher concentrations of target lead to a broad distribution in the number of 
enzyme molecules that can occupy each well, and consequently, the transition to a non-linear 
increase in the percentage of active wells.
[0144] The limitations of this technique are realized above and below the thresholds of
the dynamic range. As the concentration goes below the lower limit of the dynamic range, the 
number of enzyme molecules is too low to observe sufficient occupied wells and, therefore, the 

number of wells must be increased in order to make sure that a statistically significant number of 
them are occupied by enzyme molecules. Results for extremely dilute concentrations have large 
relative errors associated with them, due to the very small number of reaction vessels that are 
expected to show activity. Slight deviation from the expected Poisson value, in this case, will 
result in a large error. The ultimate upper limit to this technique occurs when 100% of the 
reaction vessels contain at least one enzyme molecule. At this limit, discrimination between two 
solutions of high enzyme concentrations is not feasible. As the percentage of active vessels 
approaches 100%, the linearity between concentration and active vessel percentage is lost. This 
situation results in a broadening distribution, as a normal distribution becomes an increasingly 

better approximation of the results.
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[0145] In one aspect of the present invention, the array can also be used to analyze
enzyme kinetics. “Enzyme kinetics” as used herein refers to the study of the rates of enzyme- 
controlled reactions. It is understood in the art· of enzyme kinetics that the rate of an enzymatic 

reaction at low substrate concentrations is proportional to the substrate concentration (is
I

“substrate dependent”). This is referred to as first order. It is further understood that the rate of 
the reaction at high substrate concentrations reaches a maximum rate and is independent of 
substrate concentration because the reaction becomes saturated. Thus, if reaction velocity is 
plotted as a function of substrate concentration, the line initially increases linearly with an 
increase in substrate and then begins to level off as substrate concentration approaches 
saturation.
[0146] Thus, according to one embodiment, the kinetics of any particular enzyme can be
studied using the present system and array. Reaction velocity varies across enzymes for various 
reasons, including, for example, reaction inhibition caused by allosteric inhibition. The array of 
the present invention allows for study of these varied kinetic characteristics.
[0147] According to one embodiment, kinetics are examined in the following fashion.
The target analyte .is allowed to bind to the capture component, the substrate is added, and the 
reaction vessel is sealed. Given that a finite amount of substrate is present in the reaction vessel 
and that no further substrate can be added due to the sealing of the vessel, the reaction velocity 
can be determined based on the amount of chromogenic product detected over time.

C. Enhancing Signal And Sensitivity
[0148] The one embodment, the present invention contemplates a metallic or
semiconductor nanoparticle attached to a biomolecule, and preferably a plurality of biomolecules 
(e.g. oligonucleotides) in order to enhance signal and sensitivity for the various embodiments of 
single molecule detection and quantification describe above. In one embodiment, the 
biomolecules (e.g. oligonucleotides) are labeled with fluorescent molecules at the ends not 
attached to the nanoparticle. It is not intended that the present invention be limited to the type of 
nanoparticle or to the use of merely one type of nanoparticle in an assay. In some embodiments, 
two, or more different types or sizes of nanoparticle are employed. For example, because 
different sized (e.g., 50 nm and 100 nm diameter) gold nanoparticles scatter light of different 
colors (due to their different surface plasmon resonances), they can be used to label different 
DNA targets hybridized to the same array.
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[0149] Nanoparticles useful in the practice of the invention include metal (e.g., gold,
silver, copper and platinum), semiconductor (e.g., CdSe, CdS, and CdS or CdSe coated with 
ZnS) and magnetic (e.g., ferromagnetite) colloidal materials. Methods of making metal, 

semiconductor and magnetic nanoparticles are well-known in the art. See, e.g., Schmid, G. (ed.) 
Clusters and Colloids (VCH, Weinheim, 1994); Hayat, M. A. (ed.) Colloidal.Gold: Principles, 
Methods, and Applications (Academic Press, San Diego, 1991); Massart, R., IEEE Taransactions 
On Magnetics, 17, 1247 (1981); Ahmadi, T. S. et al., Science, 272, 1924 (1996); Henglein, A. et 
al., J. Phys. Chem., 99, 14129 (1995); Curtis, A. C., et al., Angew. Chem. Int. Ed. Engl., '27, 
1530 (1988). Other nanoparticles useful in the practice of the invention include ZnS, ZnO, TiO2, 
Agl, AgBr, Hgl2, PbS, PbSe, ZnTe, CdTe, In2S3, In2Se3, Cd3P2, Cd3As2, InAs, and GaAs. See, 
e.g., Weller, Angew. Chem. Int. Ed. Engl., 32, 41 (1993); Henglein, Top. Curr. Chem., 143, 113 
(1988); Henglein, Chem. Rev., 89, 1861 (1989); Brus, Appl. Phys. A., 53, 465 (1991); 
Bahncmann, in Photochemical Conversion and Storage of Solar Energy (eds. Pelizetti and 
Schiavello 1991), page 251; Wang and Herron, J. Phys. Chem., 95, 525 (1991); Olshavsky et al., 

J. Am. Chem. Soc., 112, 9438 (1990); Ushida et al., J. Phys. Chem., 95, 5382 (1992). Suitable 
gold nanoparticles are also commercially available from, e.g., Ted Pella, Inc., Amersham 
Corporation and Nanoprobes, Inc.
[0150] There are methods for controlling nanoparticle growth. U.S. Patent 7,033,415 to
Mirkin et al. (hereby incorporated by reference) describes new types of plasmon-driven growth 
mechanisms for silver nanostructures involving the fusion of triangular nanoprisms. This 

mechanism, which is plasmon excitation-driven and highly cooperative, produces bimodal 
particle size distributions. In these methods, the growth process can be selectively switched 
between bimodal and unimodal distributions using dual beam illumination of the nanoparticles. 
This type of cooperative photo-control over nanostructure growth enables synthesis of

, monodisperse nanoprisms with a preselected edge length in the 30-120 nm range simply by using 
one beam to turn off bimodal growth and the other (varied over the 450-700 nm range) for 
controlling particle size. While a variety of sizes are contemplated, the size of the nanoparticles 
is preferably from about 5 nm to about 150 nm (mean diameter), more preferably from about 5 to 
about 50 nm, most preferably from about 10 to about 30 nm. The nanoparticles may also be rods. 
[0151] Presently preferred for use in detecting nucleic acids are gold nanoparticles. See
U.S. Patent No. 7,169,556 (hereby incorporated by reference). Gold colloidal particles have high
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extinction coefficients for the bands that give rise to their beautiful colors. These intense colors 
change with particle size, concentration, interparticle distance, and extent of aggregation and 
shape (geometry) of the aggregates, making these materials particularly attractive for 

colorimetric assays. For instance, hybridization of oligonucleotides attached to nanoparticles 
with oligonucleotides and nucleic acids results in an immediate color change visible to the naked 
eye.

[0152] Gold nanoparticles are also presently preferred for use in nanofabrication for the
same reasons given above arid because of their stability, ease of imaging by electron microscopy, 
and well-characterized modification with thiol functionalities. Also preferred for use in 
nanofabrication are semiconductor nanoparticles because of their unique electronic and 
luminescent properties.

[0153] Alternatively, in one embodiment, the present invention contemplates the use of
nanocrystals as imaging agents, and/or coding agents (i.e. agents which permit the detection 
and/or identification of compounds, including biomolecules, introduced into in the arrays) as 
well as substances to be transferred themselves in the sites of the arrays. In some embodiments, 
detection of single molecules within an array is enhanced by the use of nanocrystals. In one 
embodiment, the nanocrystals are attached or bind to the target analyte. In another embodiment, 

nanocrystals are attached to a binding partner, the binding partner in turn binding the target 
analyte. In a further embodiment, nanocrystals are attached to an inhibitor, a substrate or other 
ligand. In other embodiments, the nanocrystals are used with fiber-optic sensing techniques. In 

some embodiments of the present invention, imaging modules comprise surface modifications of 
quantum dots (See e.g., Chan and Nie, Science 281:2016 (1998)) such as zinc sulfide-capped 
cadmium selenide coupled to biomolecules (Sooklal, Adv. Mater., 10:1083 (1998)).
[0154] The terms "semiconductor nanocrystal," "quantum dot" and "Qdot.TM.
nanocrystal" are used interchangeably herein and refer to an inorganic crystallite between about 
lnm and about 1000 nm in diameter or any integer or fraction of an integer therebetween, 
preferably between about 2 nm and about 50 nm or any integer or fraction of an integer 
therebetween, more preferably about 2 nm to about 20 nm (such as about 2, 3, 4, 5, 6, 7, 8, 9, 10, 
11, 12, 13, 14, 15, 16, 17, 18, 19, or 20 nm). A semiconductomanocrystal is capable of emitting 
electromagnetic radiation upon excitation (i.e., the semiconductor nanocrystal is luminescent) 
and includes a "core" of one or more first semiconductor materials, and may be surrounded by a
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"shell" of a second semiconductor material. A semiconductor nanocrystal core surrounded by a 
semiconductor shell is referred to as a "core/shell" semiconductor nanocrystal. The surrounding 

"shell" material will preferably have a bandgap energy that is larger than the bandgap energy of 
the core material and may be chosen to have an atomic spacing close to that of the "core"

5 substrate. The core and/or the shell can be a semiconductor material including, but not limited to, 
those of the group II-VI (ZnS, ZnSe, ZnTe, CdS, CdSe, CdTe, HgS, HgSe, HgTe, MgS, MgSe, 
MgTe, CaS, CaSe, CaTe, SrS, SrSe, SrTe, BaS, BaSe, BaTe, and the like) and III-V (GaN, GaP, 
GaAs, GaSb, InN, InP, InAs, InSb, and the like) and IV (Ge, Si, and the like) materials, and an 
alloy or a mixture thereof.

10 [0155] A semiconductor nanocrystal is, optionally, surrounded by a "coat" of an organic
capping agent. The organic capping agent may be any number of materials, but has an affinity 
for the semiconductor nanocrystal surface. In general, the capping agent can be an isolated 
organic molecule, a polymer (or a monomer for a polymerization reaction), an inorganic 
complex, and an extended crystalline structure. The coat is used to convey solubility, e.g., the

15 ability to disperse a coated semiconductor nanocrystal homogeneously into a chosen solvent, 
functionality, binding properties, or the like. For example, binding properties can be introduced 
such that the nanocrystal(s) bind to the target analyte of choice. In addition, the coat can be used 
to tailor the optical properties of the semiconductor nanocrystal. Methods for producing capped 
semiconductor nanocrystals are discussed in U.S. Patent No. 6,274,323, hereby incorporated by

20 reference.
[0156] In yet other embodiments, detection of single molecules within an array is
enhanced by the use of dendrimers. In one embodiment, the dendrimers are attached or bind to 
the target analyte. In another embodiment, dendrimers are attached to a binding partner, the 
binding partner in turn binding the target analyte. In a further embodiment, dendrimers are

25 attached to an inhibitor, a substrate or other ligand. In other embodiments, dendrimers are used 
with fiber-optic sensing techniques (See, e.g., Ye et al., U.S. Pat. App. No. 20040131322, PCT 
App. No. WO/2004057386, and Thomas et al.„ Biophysical Journal, 86(6), 3959 (2004), each 
of which is herein incorporated by reference in their entireties).
[0157] Dendrimeric polymers have been described extensively (See, Tomalia, Advanced

30 Materials 6:529 (1994); Angew, Chem. Int. Ed. Engl., 29:138 (1990); incorporated herein by 
reference in their entireties). Dendrimer polymers are synthesized as defined spherical structures
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typically ranging from 1 to 20 nanometers in diameter. Molecular weight and the number of 
terminal groups increase exponentially as a function of generation (the number of layers) of the 

polymer Different types of dendrimers can be synthesized based on the core structure that 
initiates the polymerization process.
[0158] The dendrimer core structures dictate several characteristics of the molecule such
as the overall shape, density and surface functionality (Tomalia et al., Chem. Int. Ed. Engl., 
29:5305 (1990)). Spherical dendrimers can have ammonia as a trivalent initiator core or 
ethylenediamine (EDA) as a tetravalent initiator core. Recently described rod-shaped 
dendrimers (Yin et al., J. Am. Chem. Soc., 120:2678 (1998)) use polyethylene-imine linear cores 
of varying lengths; the longer the core, the longer the rod. Dendritic macromolecules are

J

available commercially in kilogram quantities and are produced under current good 
manufacturing processes (GMP) for biotechnology applications.
[0159] Dendrimers may be characterized by a number of techniques including, but not
limited to, electrospray-ionization mass spectroscopy, l3C nuclear magnetic resonance 
spectroscopy, *H nuclear magnetic resonance spectroscopy, high performance liquid 
chromatography, size exclusion chromatography with multi-angle laser light scattering, 
ultraviolet spectrophotometry, capillary electrophoresis and gel electrophoresis. These tests 
assure the uniformity of the polymer population and are important for monitoring quality control 
of dendrimer manufacture for GMP applications.
[0160] Numerous U.S. Patents describe methods and compositions for producing
dendrimers. Examples of some of these patents are given below in order to provide a description 
of some dendrimer compositions that may be useful in the present invention, however it should 
be understood that these are merely illustrative examples and numerous other similar dendrimer 
compositions could be used in the present invention.
[0161] U.S. Pat. No. 4,507,466, U.S. Pat. No. 4,558,120, U.S. Pat. No. 4,568,737, and
U.S. Pat. No. 4,587,329 (each of which is hereby incorporated by reference) each describe 
methods of making dense star polymers with terminal densities greater than conventional star 
polymers. These polymers have greater/more uniform reactivity than conventional star 
polymers, i.e. 3rd generation dense star polymers. These patents further describe the nature of 
the amidoamine dendrimers and the 3-dimensional molecular diameter of the dendrimers.
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[0162] U.S. Pat. No. 4,631,337 describes hydrolytically stable polymers. U.S. Pat. No.'
4,694,064 describes rod-shaped dendrimers. U.S. Pat. No. 4,713,975 describes dense star 
polymers and their use to characterize surfaces of viruses, bacteria and proteins including 

enzymes. Bridged dense star polymers are described in U.S. Pat. No. 4,737,550. U.S. Pat. No. 
4,857,599 and U.S. Pat. No. 4,871,779 describe dense star polymers on immobilized cores useful 
as ion-exchange resins, chelation resins and methods of making such polymers. Each of these 
patents is hereby incorporated by reference. · -
[0163] U.S. Pat. No. 5,338,532 (hereby incorporated by reference) is directed to starburst
conjugates of dendrimer(s) in association with a pharmaceutical or other material. This patent 
describes the use of dendrimers to provide means of delivery of high concentrations of carried 
materials per unit polymer, controlled delivery, targeted delivery and/or multiple species such as 
e.g., drugs antibiotics, general and specific toxins, metal ions, radionuclides, signal generators, 
antibodies, interleukins, hormones, interferons, viruses, viral fragments, pesticides, and 
antimicrobials.
[0164] U.S. Pat. No. 6,471,968 (hereby incorporated by reference) describes a dendrimer
complex comprising covalently linked first and second dendrimers, with the first dendrimer 
comprising a first agent and the second dendrimer comprising a second agent, wherein the first 
dendrimer is different from the second dendrimer, and where the first agent is different than the 
second agent.
[0165] Other useful dendrimer type compositions are described in U.S. Pat. No.
5,387,617, U.S. Pat. No. 5,393,797, and U.S. Pat. No. 5,393,795 in which dense star polymers 
are modified by capping with a hydrophobic group capable of providing a hydrophobic outer 
shell. U.S. Pat. No. 5,527,524 discloses the use of amino terminated dendrimers in antibody 
conjugates. Each of these patents are hereby incorporated by reference.
[0166] The use of dendrimers as metal ion carriers is described in U.S. Pat. No.
5,560,929. U.S. Pat. No. 5,773,527 discloses non-crosslinked polybranched polymers having a 
comb-burst configuration and methods of making the same. U.S. Pat. No. 5,631,329 describes a 
process to produce polybranched polymer of high molecular weight by forming a first set of 
branched polymers protected from branching; grafting to a core; deprotecting first set branched 
polymer, then forming a second set of branched polymers protected from branching and grafting
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to the core having the first set of branched polymers, etc. Each of these patents is hereby 
incorporated by reference.
[0167] U.S. Pat. No. 5,898,005 and U.S. Pat. No. 5,861,319 describe specific
immunobinding assays for determining concentration of an analyte. U.S. Pat. No. 5,661,025 

provides details of a self-assembling polynucleotide delivery system comprising dendrimer 
polycation to aid in delivery of nucleotides to target site. This patent provides methods of 
introducing a polynucleotide into a eukaryotic cell in vitro comprising contacting the cell with a 
composition comprising a polynucleotide and a dendrimer polyeation non-covalently coupled to 
the polynucleotide. Each of these patents is hereby incorporated by reference.
[0168] Dendrimer-antibody conjugates for use in in vitro diagnostic applications has
previously been demonstrated (Singh et al., Clin. Chem., 40:1845 (1994)), for the production of 

dendrimer-antibody constructs. Dendrimers have also been conjugated to fluorochromes or 
molecular beacons and shown to enter cells. They can then be detected within the cell in a 
manner compatible with sensing apparatus for evaluation of physiologic changes within cells 
(Baker et al., Anal. Chem. 69:990 (1997)). Finally, dendrimers have been constructed as 
differentiated block copolymers where the outer portions of the molecule may be digested with 
either enzyme or light-induced catalysis (Urdea and Hom, Science 261:534 (1993)).
[0169] In one embodiment, the present invention contemplates the use of dendrimers
with attached imaging agents, e.g. imaging agents such as fluorophores (e.g. fluorescein 
isothiocyanate) or quantum dots. Fluorescein is easily attached to the dendrimer surface via the 
isothiocyanate derivatives, available from Molecular Probes, Inc. Hence, the present invention 
provides a multifunctional dendrimers to enhance single molecule detection.

VI. Exemplary Uses of the Present Invention
[0170] The system and array of the present invention has many uses. For example, the
array has application to fundamental enzymology studies, as well as digital concentration 
measurements. Further, the array permits studies with multiple different enzymes and extends 
the limits of ultra-low detection for protein and DNA targets. With the ability to simultaneously 
monitor a large array of reaction vessels, single molecule enzymology can be used to resolve 

individual enzyme molecule behavior (e.g. Koff and Kon) from bulk kinetic signal.
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£01711 Another use, for example, is environmental monitoring of bacteria or viruses or
both. An environmental sample potentially containing certain bacteria can be placed in contact 

with an array of the present invention. To detect the bacteria, the bacteria cells are lysed and a 

bacterial enzyme (or more than one enzyme) is targeted for detection. According to one 
embodiment, the cells are lysed prior to being added to the array. Alternatively, the cells are 
captured and a lysing step occurs on the array prior to detection. In a further alternative, no lysis 
may be necessary if a cell surface marker is targeted. For example, the bacteria or virus of 
interest can be captured with an antibody that is specific to a surface marker on the target, and 
then the capture can be detected with a sandwich-type assay by adding an enzyme-labelled 

antibody that binds to the target in another location.
[0172] Another use, for example, involves measuring gene expression. As noted above,
in one embodiment, the target analytes are cells and these are introduced into the sites of the 
array under conditions such that some sites contain single cells. This is the first step in 
measuring gene expression, which can be done if desired at the whole cell level by detecting 
surface proteins and secreted proteins. Alternatively, the cells can be lysed and transcripts (or 
other components) from the cells addressed. In one embodiment, each site contains one or no 
transcripts. In one embodiment, normal and cancer cells are compared. In one embodiment, the 
cell to cell variation in gene expression can be addressed by examining gene expression at the 
single cell level.
[0173] Please note that all references disclosed herein are incorporated herein by
reference in their entirety.
[0174] Although the present invention has been described herein with reference to
preferred embodiments, persons skilled in the art will recognize that changes may be made in 
form and detail without departing from the spirit and scope of the invention.

EXAMPLES

Example 1
[0175] In this example, a proof-of-concept binding assay is performed using enzymatic
signal amplification in an array of femtoliter sized reaction vessels. More specifically, various 

assays are performed to detect varying amounts of streptavidin-p-galactosidase (SPG) in solution 
using a biotinylated array of the present invention and then the correlation between the number
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of wells with captured SpG molecules and the concentration of the SpG in the sample is 

examined.

£01763 In this example, an etched fiber optic array is used to create a collection of
femtoliter sized reaction vessels, each specifically functionalized and capable of capturing 
enzyme-labeled target molecules. Single enzyme molecules are confined to individual reaction 
vessels and catalyze the production of a sufficient number of fluorescent product molecules to 
generate a positive signal. At low target molecule concentrations, only a percentage of the 
capture sites bind a target molecule, enabling a binary readout of target concentration from the 
high-density array.
Materials
[0177] The reactor vessel arrays in this example are generated using an acid etch of the

distal face of a polished 1mm fiber optic array, consisting of 24,000 individual 4.5 pm optical 
fibers. The core fiber material is silica, and the cladding around each fiber is germania-doped 

silica, which etches at a slower rate. The 4.5 pm fibers are etched to a depth of 2.9 pm, creating 

an array of reactor vessels, each with a 46 fL volume (see Figure la).
[0178] The fibers were first modified with an aminopropyl silane bound to both the core
and cladding surfaces (see Figure lb). To avoid biotin attachment to the cladding, the amino- 

silanized fibers were polished for 10 seconds with 0.3 pm lapping film, which removed the top 
amino-silanized cladding layer from the fiber array (see Figure lc). After polishing, NHS-biotin 
was attached to the amino groups on the well surfaces (see Figure Id).
Methods

[0179] First, the effectiveness of the capture component was tested. To test the
effectiveness of the biotinylation of the substrate, streptavidin Alexa Fluor 568® was attached 

directly to the biotin groups on the surfaces of both a polished and an unpolished fiber, followed 
by image acquisition of the modified surface (see FIG. 3). FIG. 3 shows Streptavidin Alexa 

Fluor 568® binding to (a) an unpolished biotin modified fiber optic array, and (b) a polished 

biotin modified fiber optic array. As seen in image (a), streptavidin binding occurred on all 
surfaces, in comparison to image (b), where binding occurred only on the surfaces of the 
microwell reactors. Thus, the unpolished fiber shows dye over the entire array including the 
cladding surface, while the polished fiber shows dye localized only on the well surfaces.
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[0180] Subsequent to array modification, the biotinylated fiber arrays were incubated for

1 hour at room temperature in 150 pL PBS buffer containing varying amounts of SpG. The 

concentration of the SpG was chosen so that during the incubation time, statistically either one 

molecule or no molecules would bind to each well. The arrays were then washed repeatedly in 

PBS buffer, to ensure that unbound target was removed.

[0181] For a binary readout of SpG binding, the fiber array was loaded and secured on an.

upright microscope system equipped with a mechanical platform. A solution of β-galactosidase 

substrate, resorufin-P-D-galactopyranoside (RDG), was introduced to the distal end of the fiber 
containing the reaction vessels, and subsequently sealed. The substrate was sealed using a 0.01- 
inch thick silicone elastomer gasket sandwiched between a microscope slide and the fiber array 
by means of a mechanical platform located beneath the microscope stage. This platform applied 
a uniform pressure to the gasket material, across the entire bundle, sealing off each reaction 
chamber and enabling well to well interrogation of enzyme activity, β-galactosidase hydrolyzes 

RDG to form resorufin, which builds up to a locally high concentration in each sealed reaction 
vessel, generating a detectable fluorescent signal (Figure 4).
[0182] FIG. 4 depicts a portion of the fiber array for each experiment. Each of the

experiments tested a different sample having a different concentration of SpG. The 
concentrations for each experiment were as follows: (a) 128 amol, (b) 51 amol, (c) 25 amol, (d) 
7.5 amol, and (e) 2.6 amol. FIG. 4(f) depicts the control.
[0183] Analysis of over 5000 reaction vessels for each experiment allowed for a
correlation between the percentage of reaction vessels that captured an enzyme molecule and the 
amount of enzyme present in the interrogated sample. The variation seen in the intensity 
differences from active well to active well is most likely a result of molecule-to-molecule 
variation in catalytic activity, in combination with surface effects, which may modulate the 
relative activities of enzyme molecules based on their orientation to the reaction chamber 
surface.

[0184] Two control experiments were also conducted to ensure that the binding of
enzyme to the surface of the reactors was based exclusively on the biotin-streptavidin interaction, 
and not on non-specific binding to the glass surface. One control experiment consisted of an 

etched, unmodified fiber incubated with the most concentrated SpG target solution (128 amol in 

150 pL). The second control experiment was performed using the modified fiber incubated in a
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solution of β-galactosidase lacking streptavidin (128 amol in 150 pL). Both control experiments 

generated a negligible active well percentage (less than 0.06%, versus 0.2% for the 2.6 amol 

experiment discussed below).

Results .
[0185] FIG. 5 depicts a log-log plot of the moles of target present in a sample with the
resulting percentage of active reaction vessels. The linear relationship between the percentage of 
active reaction vessels and the moles of target in the log-log plot shown in FIG. 5 suggests that a 
binary readout detection method can be used for the detection of real targets such as DNA and 
antigens. This method permits rapid analysis and accurate concentration information via digital 
readout, while maintaining a straightforward assay procedure.
[0186] It is also interesting to note that the lowest limit of detection (LOD) for binding

streptavidin-P-galactosidase (ββΰ) to a biotinylated femtoliter array in this example was 2.6 

amoles (150 pL of 17 fM solution) using a target incubation time of 1 hour.

Example 2
[0187] In this example, single molecules of β-galactosidase were monitored using a 1
mm diameter fiber optic bundle with over 2.0 χ 105 individually sealed, femtoliter microweil 
reactors. By observing the buildup of fluorescent products from single enzyme molecule 

catalysis over the array of reaction vessels and by applying a Poisson statistical analysis, a digital 
concentration readout was obtained.
Materials

[0188] 1mm bundled 4.5 pm optical fibers were purchased from Illumina (San Diego,

CA). β-galactosidase and Ru(bpy)3Cl2 was obtained from Sigma-Aldrich (St. Louis, MO). 

Resorufin-D-^-galactopyrano side was purchased from Molecular Probes (Eugene, OR). 0.01- 
inch non-reinforced gloss silicone sheeting material was purchased from Specialty 
Manufacturing Inc. (Saginaw, MI). All other chemicals used were of reagent grade and obtained 

from Sigma-Aldrich (St. Louis, MO).
[0189] A custom-built, upright epifluorescence imaging system acquired all fluorescence
images using a mercury light source, excitation and emission filter wheels, microscope 
objectives, and a CCD camera (QE, Sensicam). Filter wheels and shutters were computer 
controlled and analysis was performed with IPlab software (Scanalytics, Fairfax, VA). The
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system was equipped with a fastening device to fix the fiber optic array onto the system through 
the entire experiment. A mechanical platform beneath the stage was used to house the silicone

sealing layer, which was subsequently brought into contact with the distal end of the fiber array, 
sealing off each reaction vessel. All measurements were performed with femtowell arrays at the 
distal end of the optical fiber bundle.

[0190] - Optical fiber, bundles containing approximately 2.4 x 105 individual 4.5 pm

diameter optical fibers were used as the substrate for fabricating femtoliter reaction vessel arrays. 
The well volume can be precisely controlled, as etch depth varies with etch time and etchant 
concentration. The optical fibers used in these experiments were etched to a depth of 

approximately 2.9 pm, yielding a 46 fL well volume. FIG. 6 depicts images of the etched 
surface of the fiber optic bundles. More specifically, FIG. 6a depicts the entire fiber array and 

close-up microscope images of the fiber bundle, emphasizing the regularity of both the array and 
each individual optical fiber. Further, FIG. 6b is an AFM image of a portion of the etched 
surface, showing wells created from the etching process.
Methods

[0191] Assay. For the β-galactosidase assay, the substrate used was resorufin-P-D-

galactopyranoside. After the individual wells in the array were sealed in the presence of enzyme 
and substrate, the fluorescence intensity was monitored across the array of vessels for the 

enzymatic product, resorufm (ex 558 nm / era 573 nm). A 100 pM solution of resorufin-D-β- 
galactopyranoside (RDG) was prepared in lOOmM Tris buffer pH 8.0 containing 2.0 mM KCI 
and 0.1 mM MgCb. All enzyme solutions were prepared from previously aliquoted and frozen 
stock samples in the same reaction buffer. Just prior to experimentation, the two samples were 
centrifuged for 2 min at 7000 RPM to remove any particulate material that could interfere with 
the mechanics of the silicone seal. Approximately 1 cm2 of silicone and a microscope slide were 
cleaned with absolute ethanol. The silicone sheeting was placed on the surface of the glass, to 

which it adhered. Subsequently, 75 pL volumes of enzyme and RDG solutions were mixed on 

the silicone gasket using a pipette. The gasket was mechanically raised towards the distal end of 
the fiber bundle until it experienced resistance, suggesting that a seal was formed. An initial 
fluorescence image was acquired, followed by periodic image acquisition for approximately 2 hr. 
[0192] Sealing component. To seal the femtoliter array, a 0.01-inch thick silicone
elastomer gasket was sandwiched between a microscope slide and the fiber array using a
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mechanical platform. This platform applied uniform pressure to the gasket material, across the 

entire bundle, sealing off each microwell to create the reaction vessels.
[0193] The silicone/glass seal used to create and isolate the femtoliter containers was
inspected for its sealing ability by performing a photobleaching experiment (see Fig. 7). FIG. 7 

depicts enclosure of a solution into the microchambers and evaluation of the silicone seal for 
integrity. FIG. 7a depicts a solution of Ru(bpy)2Cl2 enclosed into the array of chambers as 
observed by the red fluorescence across the array. FIG. 7b depicts a small octagonal portion of 
the fiber bundle that was photobleached via UV light. FIG. 7c depicts the array 60 minutes later. 
As shown in the figure, diffusion of Ru(bpy)3Cl2 from one well to another as a result of an 
imperfect silicone seal would display increased fluorescence intensity in photobleached wells 
and was not observed. This experiment substantiated the integrity of the seal for its ability to 
successfully isolate the array of vessels. Enzyme molecule denaturation on the glass surface was 
prevented by blocking with a BSA blocking buffer. Enzyme to vessel ratios used ranged from 
1:5, down to 1:500, achieving accurate detection over two orders of magnitude.
[0194] Photobleaching Experiment. A solution of ImM Ru(bpy)3Cl2 in DI water was
used for the photobleaching experiments. A piece of silicone, approximately 1 cm2, and a 
microscope slide were cleaned with absolute ethanol using lint-free swabs. The silicone sheeting 

was placed on the surface of the glass, to which it adhered. 50 pL of the Ru(bpy)3Cl2 solution 
was placed on the silicone, and subsequently brought into contact with the fiber, bundle, to 
enclose the solution in the individual vessels. Using a field stop on the imaging system, UV light 
was used to illuminate a small portion of the array for 10 minutes, photobleaching the 
Ru(bpy)3Cl2. The field stop was then opened, and an image was acquired, displaying the 
difference in fluorescence. The array was then allowed to rest with the seal maintained. A final 
image was taken after 60 minutes, confirming the integrity of the seal.
[0195] As discussed above, the number and volume of reaction vessels employed govern
the dynamic range of concentrations that can be determined by this technique. The reaction 
vessel volumes employed in this example were 46 fL (vide infra); therefore, it was calculated 
that a solution of 3.6 x 10'*1 M β-galactosidase will yield, on average, one enzyme molecule per 
vessel. As also discussed above, if the concentrations used are much less than 3.6 x 10'" M, the 

expected average becomes exceptionally low, the distribution is narrowed, and the probability of 
observing anything other than 0 or 1 events per trial is improbable in all experimental cases. At
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these low concentrations, the relationship between the percentage of active reaction vessels and 
the bulk enzyme concentration is approximately linear. After waiting for sufficient time to allow 
enzyme catalysis to occur, individual vessels were interrogated for an on/off response, 
correlating to each vessel either possessing or lacking enzymatic activity.

5 [0196] The substrate resorufin-D-p-galactopyranoside (RDG) was used as the substrate

for experiments, which was sealed into all the vessels, along with the trapped enzyme molecules, 
using a silicone gasket material and mechanical arm. The expected percentages of active wells 
were calculated for each concentration used by applying the Poisson distribution statistics. 
Results j

10 [0197] As shown in FIG. 8, for the β-galactosidase assay, different bulk solution enzyme

concentrations correspond to different ratios of enzyme to vessel volume, resulting in variation in 
the percentage of vessels that contain an enzyme molecule. Figure 8 depicts the detection of the 

activity of single molecules of β-galactosidase. FIG. 8a is a background image of a portion of 
the array, while FIG. 8b depicts an image taken of a portion of a 1:5 enzyme to vessel assay, and

15 FIG. 8c shows a 1:80 enzyme to vessel assay.
[0198] Table 1 is a comparison of each experimental result with the percentage of
occupied vessels calculated from the Poisson distribution. As shown by the data in the table, the 

array measurements successfully correlated with the number of single enzyme β-galactosidase 

molecules over the entire range of interrogated concentrations. There is minor disparity in the
20 observed signals as a result of molecule-to-molecule variation in catalytic activity. This result is 

most likely due to the inherent stochastic nature of enzymes, in addition to surface effects, 
resulting in modulation of enzyme activity.
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[0199]

Digital Readout of Enzyme Concentrations

Enzyme to well ratio Concentration Poisson % of active wells Actual % active

1:5 7.20E-12 18.2 14.9

1:10 3.60E-12 9.5 11.5

1:20 1.80E-12 4.9 5.6

1:40 9.00E-13 2.5 3.5

1:80 4.50E-13 1.2 1.5

1:100 3.60E-13 1.0 1.1

1:200 1.80E-13 0.5 0.3

1:500 7.20E-14 0.2 0.1

Table 1. Digital readout from the arrays. The actual percentage of chambers exhibiting activity, 
in comparison to the expected percentage calculated from the Poisson distribution, are listed for 
the various concentrations analyzed.

5
[0200] The variation between the calculated and experimental results can be attributed to
the intrinsic variability associated with the probability distribution, as well as experimental error 
in the preparation of enzyme solutions.

10 Example 3
[0201] In this example, beta-galactosidase was studied in the presence of a competitive
inhibitor, D-galactal (a transition state analog of D-galactose) as a model enzyme-inhibitor-pair. 
The scope of this application shall, however, not be limited to this particular enzyme-inhibitor- 
pair. Beta-galactosidase is a tetramer and D-galactal is known to exhibit relatively slow binding

15 and release. Figure 9 shows one embodiment of the scheme for measuring single molecule 
inhibition, as well as detection of inhibitor release. In a first step, the enzyme and inhibitor are 
preincubated in an aqueous buffer system such as a phosphate buffer (in this particular 
embodiment PBS/MgCb-buffer: 2.7 mM KC1, KH2PO4, 1.5 mM KH2PO4, 136 mM NaCl, 8.1 
mM Na2HPO4, 1 mM MgCl2, pH 7.3) together in bulk, such that the inhibitor concentration

20 ([inhibitor]) is higher than the dissociation constant for inhibitor binding (K,·) and all of the active
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sites of the enzyme are likely to be blocked or occupied. As Kj differs for different 

enzyme/inhibitor pairs, the concentration of inhibitor must be adjusted. With this particular 
enzyme/inhibitor pair used in this example a variety of inhibitor starting concentrations can be 

employed, ranging between 100 mM and 20 μΜ. In this embodiment, [inhibitor] was 100 μΜ (~ 
7 x Ki (14 μΜ)). In a second step, one or more substrates (e.g. rsesorufin-beta- 

galactopyranoside RGP) in an aqueous buffer system (in this particular embodiment: 
PBS/MgCl2-buffer) are added, preferably in a high volume excess (between 10-fold and 
100,000-fold). In this particular embodiment a 1000-fold volume excess was used, thereby 
diluting the inhibitor and the enzyme 1000-fold. More components (in this particular 
embodiment 1% (w/v) bovine serum albumin (BSA) to avoid unspecific binding to the surface of 
the arrays of sites) may be added to the buffer system. In a third step, the bulk solution is added 

to the array of sites, each site having a defined volume (between 10 attoliters and 50 picoliters, 
more preferably femtoliters, in this embodiment: 46 femtoliters). At this point, the inhibitor is 
not in excess any more; indeed, [inhibitor] «Kj (it is preferred that less than 100,000 molecules 
of inhibitor, and preferably less than. 10,000 molecules of inhibitor, and still more preferably less

t

than 3,000 molecules of inhibitor, are remaining in the solution). The enzyme concentration (1.8 
nM) is adjusted so that upon 1,000-fold dilution in step 2 there will be only a single enzyme in 
every array site in some sites and no enzyme in others. Figure 9 shows schematically the 
situation where one of the active sites of the tetramer is unblocked and active. This active site 
would be capable of interacting with a substrate that includes a reporter-moiety. This domain 
may create a chromogenic or a fluorogenic signal upon enzymatic cleavage but is not limited to 
these. Preferably a fluorogenic signal is generated, and more preferably RGP is used as the 
fluorogenic substrate. In this way the site in the array with such activity can be readily detected 
(Figure 10).
[0202] In one embodiment, the present invention contemplates determining substrate
turnover at time points (e.g. intervals of seconds, tens of seconds, 100s of seconds, minutes, tens 
of minutes, etc.). Figure 11 shows that when assayed according to the scheme of Figures 9 and 

• 10, the presence of an inhibitor delays substrate turnover, as compared to a control (lower left 
panel) where no inhibitor is present. When the frequency distribution of substrate turnover onset 
times is plotted (Figure 12), the Kofi-rate constant can be calculated: 4.6 x 10'3 sec. This agrees 
well with published values.
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[0203] Interestingly, the data suggests that release of inhibitor at each of the four sites of
the tetramer is not independent. That is to say, if there are 4 independent catalytic sites of a 

tetramer and koff is a first order rate constant then koff of an enzyme ensemble is the same as 

koff of each protomer. But as each single enzyme contains 4 protomers there are 4 possibilities 

to release a first inhibitor. Therefore: koffj = .4 x koff (= 1.8 x 10-2 sec-1). The data suggests 

that the inhibitor release from the protomers is non-independent.
[0204] In a second embodiment without preincubation the inhibitor is given to the
enzyme in an aqueous buffer system such as a phosphate buffer (in this particular embodiment 
PBS/MgCl2-buffer. More components (in this particular embodiment 1% (w/v) (BSA) to avoid 
unspecific binding to the surface of the arrays of sites) may be added to the buffer system. The 
[inhibitor] is chosen in the same range as Ki (14 μΜ), preferably between 100 mM and 1 μΜ, in 
this embodiment 20 μΜ. At this inhibitor concentration the inhibitor-bound enzyme is in 
equilibrium with the inhibitor-free enzyme. The bulk solution is added to the array of sites, each 
site having a defined volume (between 10 attoliters and 50 picoliters, more preferably 
femtoliters, in this embodiment: 46 femtoliters). The enzyme concentration (1.8 pM) is chosen to 
yield only a single enzyme in some sites and no enzyme in other sites. When fluorescence is 
monitored over time, one can see binding, release, and subsequent binding (Figure 13). Figure 
13 A (left panel) represents the raw data from various time traces. Figure 13B (the right panel) 
simply shows one of the time traces of the left panel, where for the sake of clarity, the y-axis is 
scaled differently. Figure 13B shows that the signal increases after the inhibitor has been 
released from the enzyme and it decreases after the inhibitor has been bound. One should expect 
that the fluorescence signal remains constant over time if the inhibitor is bound to the enzyme as 
there is no enzyme activity. But this is not the case because there is a substantial amount of 
photobleaching that depletes the fluorophor continuously. This creates a dynamic with the net 
results (over time) shown in Figure 13.
[0205] Figure 14 shows a histogram of off-times (the time how long the inhibitor stays
on the enzyme before it is released. This permits a calculation of the half-life (the half-life of a 
quantity subject to exponential decay is the-time required for the quantity to decay to half of its 
initial value) which is experimentally determined to be approximately two minutes and thirty 
seconds. This example demonstrates that a system that measures single enzymes may reveal
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Example 4
[0206] Tn one embodiment, nanoparticles are utilized for the digital readout of target
concentrations. Nanoparticles have several advantages over an enzyme digital readout. With an 

enzyme approach, as concentrations increase, the linearity of the digital readout, which follows a 
Poisson distribution, is lost. Using nanoparticles functionalized with fluorescent species, the 
present invention contemplates in one embodiment to be able to perform a digital readout as well 
as the traditional bulk intensity readout, which is used extensively in our laboratory. As the 
linearity of the digital signal is lost, the analysis can'be shifted from a digital readout to a 
traditional intensity readout using the nanoparticles. The signal can then be read as an average 
intensity of each site in the array (e.g. average well intensity) correlating to concentration, and 
will significantly increase the range of concentrations that can be read with this system. In some 
embodiments employing nanoparticles, the array is not sealed.
[0207] Nanoparticles such as gold particles (e.g. between 1 and 500 nanometer, and more
preferably between 50 and 250 nanometer, and still more preferably between 80-150 nanometer 
gold particles) may be attached to the target analyte or a ligand that will bind a target analyte. A 
variety of embodiments are contemplated, including but not limited to embodiments where the 
target is attached to the gold particle and introduced into an array, said array comprising a 
binding partner (e.g. immobilized ligand). In another embodiment, the target analyte may be 
attached or otherwise immobilized on the array and the gold particle-binding partner conjugate 
can be introduced to the array to bind the target analyte. In another embodiment, a first binding 
ligand may immobilize the target, and the gold-particle-second binding ligand may be introduced 
into the array to bind the target. These embodiments are schematically illustrated in Figures 15 
and 16, where the target is nucleic acid and the binding partners are complementary probes. In 
Figure 15, either probe # 1 or probe # 2 could be replaced with target, if desired. In Figure 16
shows a two-step sandwich format, where the target can be unlabeled and first incubated with

1
probe #1; thereafter, the nanoparticle with probe #2 is introduced. The target can be viewed to 
operate as a linker in this embodiment.
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[0208] In the present example, the target analyte is nucleic acid, and the gold particles are
labeled with a plurality (e.g. approximately 2000-8000 strands) of fluorescent DNA; this DNA- 
gold particle conjugate will be used to generate signal. Because of the high number of 
fluorescent DNA strands attached to each nanoparticle, a single particle is sufficient for a signal 
spike over background in a single site (e.g. microwell) of the array (e.g. the fiber optic array 

described above). The fluorescence intensity deviation over a population of nanoparticles is very 
small in comparison to enzymes, whose catalytic rate is highly fluctuating. Because of this high 
fluctuation rate, only a yes or no response can be deciphered, limiting the range of detection for 
enzymes to approximately two orders of magnitude. Using nanoparticles that have equivalent 
signal intensities will allow for a more controlled readout of 0 or 1 as carried out with the 
enzymes, along with readouts of 2, 3, 4, and so on. The ability to readout discreet intensity 
levels will enable a superior range of detection, well beyond two orders of magnitude. Analyte- 
fiinctionalized gold nanoparticles (e.g. DNA-gold particle conjugates or other biomolecule-gold 
particle conjugates) will improve the limit of detection, as they consistently show extremely low 
levels of non-specific and cross-reactive binding in analyte (e.g. DNA) detection schemes.

A. Preparation of Gold Particles
[0209] Gold particles can he prepared a number of ways (Analytical Chemistry, 2000, 72,
5535-5541; Science, 2002, 296, 1836-1838; Science, 2002 295, 1503-1506; J. Am. Chem. Soc. 
2004, 126, 5932-5933). In one case, gold colloids (13 nm diameter) are prepared by reduction of 

HAuCL with citrate as described in Frens, Nature Phys. Sci., 241, 20 (1973) and Grabar, Anal 
Chem., 67, 735 (1995). Briefly, all glassware is cleaned in aqua regia (3 parts HCI, 1 part 
HNO3), rinsed with Nanopure H2O, then oven dried prior to use. HAuCL and sodium citrate are 
purchased from Aldrich Chemical Company. Aqueous HAuC14 (1 mM, 500 mL) is brought to 
reflux while stirring. Then, 38.8 mM sodium citrate (50 mL) is added quickly. The solution color 
will change from pale yellow to burgundy, and refluxing should continue for 15 min. After 
cooling to room temperature, the red solution can be filtered through a Micron Separations Inc. 1 
micron filter. Au colloids are readily characterized by UV-vis spectroscopy using a Hewlett 
Packard 8452A diode array spectrophotometer and by Transmission Electron Microscopy (TEM) 
using a Hitachi 8100 transmission electron microscope. Gold particles with diameters of 13 nm
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will produce a visible color change when aggregated with target and probe oligonucleotide 
sequences in the 10 to 35 nucleotide range.

B. Fiber Modifications
[0210] In this example, a fiber array is employed. The polished fiber array is etched for

115 seconds in 0.025 M HCI giving 46 fL wells. For cleaning, the etched fibers is incubated in 
boiling Nanopure water for 10 minutes.
[0211] The surface of the etched fiber can be modified in a number ways. In this
example, an amine modification of the fiber is employed. First, a silanization solution is 
prepared, i.e. a 1% solution of DETA (trimethoxysilylpropyldiethylenetriamine) in a 95:5 
solution of ethanol:nanopure water. The etched fiber was incubated in the silanization solution 

for 20 minutes at room temperature, followed by washing with nanopure water and drying under 
argon. The fiber was then cured at 120°C for 15 minutes. At this point, the fiber is now modified 
with amine groups.
[0212] A variety of functional groups can be reacted with the amine groups. In this
example, the process involved maleimide modification of the fiber. 3.55 mg of SMPB 
(Succinimidyl 4-[p-maleimidophenyl]butyrate) was dissolved in 1 mL DMSO to create a stock 

solution. A cross-linking solution was prepared: 100 pL of this stock solution was added to 900 

pL of a 90:10 solution of ethanol:DMSO. The silanized fibers are incubated in the crosslinking 

solution for 2 hours at room temperature. The array is then washed with an 80:20 solution of 
ethanokDMSO and dried under argon. At this point, The fiber is now modified with maleimide 
groups.

C. DNA Deprotection

[0213] 2 nanomoles of thiol modified (protected) DNA is reconstituted in 110 pL PBS

pH 7.4. 10 pL DTT (dithiothreitol) stock (1.0 M) is added to the protected DNA solution and 

incubated for 2 hours at room temperature. A NAP-5 column (GE Healthcare) was used to purify 
the deprotected DNA. The column was equilibrated with Nanopure water.

[0214] The 120 pL solution of deprotected thiol DNA was added to the column and

allowed to completely enter the gel. 380 pL PBS 7.4 water was added to the column and allowed 

to completely enter the gel. A collection tube was placed under the column and the thiol DNA
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was eluted by adding 1.0 mL PBS 7.4 water to the column. The first 400 pL was discarded, and 

DNA was collected from 400 pL to 1 mL, as described in the NAP-5 column protocol (provided 

by the manufacturer).

D. DNA Attachment
[0215] A ligand (in this case, a probe) specific for the target analyte (in this case, nucleic
acid) can be attached directly to the sites of the array or to the nanoparticle (e.g. gold particle) 

and then the conjugate (DNA-gold nanoparticle) can introduced into the array. In this example, 

the maleimide-treated fibers were incubated in the thiol deprotected DNA solution (1 μΜ) for 2 

hours at room temperature. The fibers were rinsed with PBS 7.4 to remove unbound DNA and 
the array was swabbed to remove DNA probes that were bound to the cladding material. Gold 
nanoparticles (in this case 80 nm) were then incubated with the fiber and preliminary 
experiments show successful binding (Figure 16).

Example 5
[0216] This example describes the immobilization of synthetic single-stranded DNA on

semiconductor nanoparticle quantum dots (QDs). Native CdSe/ZnS core/shell QDs (-4 nm) are 
soluble only in organic media, making direct reaction with alkylthiol-terminated single-stranded 
DNA difficult. This problem is circumvented according to Mirkin et al. by first capping the QDs 
with 3-mercaptopropionic acid. The carboxylic acid group is then deprotonated with 4- 
(dimethylamino)pyridine, rendering the particles water soluble, and facilitating reaction of the 
QDs with either 3’-propylthiol- or 5’-hexylthiol-modified oligonucleotide sequences. After DNA 
modification, the particles are separated from unreacted DNA by dialysis. A "linker" DNA strand 
can then be hybridized to surface-bound sequences, generating extended assemblies of 
nanoparticles. The QD assemblies are readily characterized by TEM, UV/Visible spectroscopy, 
and fluorescence spectroscopy. Reportedly, they can be reversibly assembled by controlling the 
temperature of the solution. As a result, QD assemblies and composite aggregates can be formed 
between QDs and nanoparticles (e.g. gold nanoparticles of about. 13 nm).
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8 [0217] Throughout this specification and the claims which follow, unless the context

requires otherwise, the word "comprise", and variations such as "comprises" and "comprising", will 

be understood to imply the inclusion of a stated integer or step or group of integers or steps but not the

5 exclusion of any other integer or step or group of integers or steps.

[0218] The reference to any prior art in this specification is not, and should not be taken as,

an acknowledgement or any form of suggestion that the prior art forms part of the common general 

knowledge in Australia.
10
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Claims

1. A method of detecting a target analyte in a sample, the method comprising:

a) providing a sample and a solid support, said sample comprising a biomolecule 

target analyte, said solid support comprising at least 1000 assay sites, each assay site having 

a defined volume between 10 attoliters and 50 picoliters;

b) contacting said solid support with said sample so that assay sites of the solid 

support contain biomolecule target analyte that is bound to capture components within the 

assay sites, and such that the ratio of a total number of biomolecule target analyte 

molecules contained within the assay sites to the total number of assay sites contacted with 

said sanjiple is less than 1:5; and

c) determining the number of assay sites contacted with said sample which contain a 

biomolccule target analyte.

2. The method of claim 1, wherein said ratio is 1:10.

3. pie method of claim 1, wherein said ratio is between 1:5 and 1:500.

4. The method of claim 1, wherein said biomolecule target analyte is labeled.

5. The method of claim 1, wherein said determining comprises detecting a change in

an optical property at said assay sites as an indication of the presence of said biomolecule 

target analyte.

6. The method of claim 1, further comprising determining the percentage of assay sites 

containing a biomolecule target analyte and determining a measure of the concentration of 

biomolecule target analyte in said sample from said percentage.

7.

that the

8.

he method of claim 1, further comprising, after step b), sealing the assay sites such 

contents of each assay site cannot escape said assay site.

he method of claim 1, wherein said defined volume is measured in femtoliters.
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The method of claim 8, wherein said defined femtoliter volume is the same at each 

and ranges from about 30 femtoliters to about 60 femtoliters.

10. The method of claim 9, wherein said defined femtoliter volume is 46 femtoliters.

11. The method of claim 1, wherein said solid support comprises between 20,000 and 

30,000 assay sites.

12. The method of claim 1, wherein said solid support comprises between 100,000 and 

10,000,000 assay sites.

13. 

stranded 

acid

The method of claim 1, wherein said biomolecule target analyte comprises a single- 

nucleic acid, and said capture component comprises a complementary nucleic

said so

14. The method of claim 1, wherein said biomolecule target analyte is selected from the 

group consisting of proteins, nucleic acids, lipids, and carbohydrates.

15. The method of claim 1, wherein said biomolecule target analyte is selected from the 

group consisting of hormones, cytokines and cellular antigens.

16. The method of claim 1, wherein said biomolecule target analyte is a receptor.

17. The method of claim 16, wherein said receptor is selected from the group consisting 

of neural receptors, hormonal receptors, and nutrient receptors.

18. The method of claim 1, wherein in step (c) a measure of the number of assay sites of 

id support contacted with said sample which contain a single biomolecule is

determined.

19.

target a 

contain

Che method of claim 18, wherein a measure of the concentration of biomolecule 

nalyte in said sample is determined from the number of said assay sites which 

a single biomolecule.
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20. The method of claim 1, wherein the biomolecule target analyte is not an enzyme.

21.

with a

associat

22.

The method of claim 20, further comprising the step of contacting the solid support 

plurality of secondary binding ligands, wherein a secondary binding ligand 

es with the biomolecule target analyte.

The method of claim 21, wherein the secondary binding ligand comprises an 

enzymatic component.

23. The method of claim 22, further comprising contacting the solid support with a 

chromogenic enzymatic substrate, wherein the chromogenic enzymatic substrate is 

modified to a chromophore product upon exposure to a secondary binding ligand 

comprising an enzymatic component.

24. The method of claim 23, further comprising determining a measure of the number 

of assay sites of said solid support which comprise a target analyte by determining the

number of assay sites which contain a chromophore product.

25.

50,000

The method of claim 1, wherein said solid support comprises between 10,000 and 

assay sites.

26. The method of claim 1, wherein the sample comprises at least one cell comprising 

the biomolecule target analyte.

27. The method of claim 26, further comprising lysing the cell prior to contacting said 

solid support with said sample.

28. 

with sai 

become

remove

from the

The method of claim 1, wherein step (b) comprises contacting said solid support 

id sample, allowing at least some of said biomolecule target analyte molecules to 

bound to capture components within the assay sites, and performing a wash step to 

biomolecule target analyte molecules that are not bound to the capture components 

solid support; and wherein it is after said washing step that the ratio of the total
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number of biomolecule target analyte molecules contained within the assay sites to the total 

number of assay sites contacted with said sample is less than 1:5.
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