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(54) Titlee METHOD AND APPARATUS FOR DETECTING PREDETERMINED MOLECULAR STRUCTURES IN A SAMPLE

(57) Abstract

A predetermined molecular structure in a sample is detected by sensing a pattern in which the sample binds to an array of binding
sites in a molecular detection device (20), and comparing the pattern to a reference pattem to detect the predetermined molecular structure
in the sample (22). In one embodiment, the reference pattern is generated by sensing a pattern in which a reference sample containing
the predetermined molecular structure binds to a like array of binding sites. In another embodiment, the reference pattern is generated by
predicting a pattern in which the predetermined molecular structure binds to the array of binding sites.
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METHOD AND APPARATUS FOR DETECTING PREDETERMINED
MOLECULAR STRUCTURES IN A SAMPLE

Field of the Invention

The present invention relates to methods and

system for molecular detection.

Background of the Invention

An increased effort has been directed toward
the development of chips for molecular detection.
Typically, a molecular detection chip includes a
substrate on which an array of binding sites is
arranged. Each binding site, or hybridization
site, has a respective molecular receptor which
binds or hybridizes with a molecule having a
predetermined structure.

A sample solution is applied to the molecular
detection chip, and molecules in the sample bind or
hybridize at one or more of the binding sites. The
particular binding sites at which hybridization
occurs are detected, and one or more molecular
structures within the sample are subsequently
deduced.

Of great interest are molecular detection
chips for gene sequencing. These chips, often
referred to as DNA chips, utilize an array of
selective binding sites each having respective
single-stranded DNA probes. A sample of single-
stranded DNA fragments, referred to as target DNA,
is applied to the DNA chip. The DNA fragments
attach to one or more of the DNA probes by a
hybridization process. By detecting which DNA
probes have a DNA fragment hybridized thereto, a
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sequence of nucleotide bases within the DNA
fragment can be determined.

One use of molecular detection chips is to
perform medical diagnostics. Here, a genomic
sample from an individual is screened to determine
if the individual has a genetically-inherited
disease or a genetic predisposition to disease.

As medical diagnostics migrate to miniature
devices capable of performing higher numbers of
tests with greater sensitivity, there is a
corresponding increase in the amount of information
being generated, and in the demand for greater

processing power to obtain test results.

Brief Description of the Drawings

The invention is pointed out with
particularity in the appended claims. However,
other features of the invention will become more
apparent and the invention will be best understood
by referring to the following detailed description
in conjunction with the accompanying drawings in
which:

FIG. 1 is a flow chart of an embodiment of a
method of detecting a predetermined molecular
structure in a sample;

FIG. 2 is a flow chart of an embodiment of a
method of generating the reference pattern;

FIG. 3 is a flow chart of another embodiment
of a method of generating the reference pattern;

FIG. 4 illustrates an array of binding sites
on a molecular detection device used in the
specific embodiment;

FIG. 5 illustrates a reference pattern for

detecting an a-c-g nucleotide sequence in a sample;
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FIG. 6 illustrates a reference pattern for
detecting an a-c-t nucleotide sequence in a sample;

FIG. 7 is an example of a pattern generated by
a sample having an unknown molecular structure;

FIG. 8 is a flow chart of additional steps
which can be utilized to detect the predetermined
molecular structure;

FIG. 9 is a block diagram of an apparatus for
detecting a predetermined molecular structure in a
sample; and

FIG. 10 is a flow chart of an embodiment of a
method of gene discovery in accordance with the

present invention.
Detailed Description of a Preferred Embodiment

Embodiments of the present invention
advantageously provide improved information
processing approaches to detecting predetermined
molecular structures using a miniaturized device
having an array of biological sensors. Just as
semiconductor devices are designed to perform
specific functions, a diagnostic device in
accordance with the present invention is designed
to perform one or more specific diagnostic tests.

FIG. 1 is a flow chart of an embodiment of a
method of detecting a predetermined molecular
structure in a sample. In general, the method can
be utilized for detection of a variety of molecular
structures in a variety of different types of
samples. Examples of the different types of
samples include, but are not limited to, medical
samples, environmental samples, agricultural
samples, and other samples applicable to

diagnostics.
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The predetermined molecular structure can be
any indication of a structure of molecules
contained in the sample. For example, the
predetermined molecular structure can be indicative
of a presence of a pathogen in an environmental
sample such as water. In an agricultural
application, the predetermined molecular structure
can provide an indication of crop resistance, for
example. In a medical application, a predetermined
molecular structure can be indicative of a disease
gene.

Of particular interest is the detection of a
predetermined nucleotide base sequence in a sample
from a living organism or a plant. For a sample
obtained from an individual, the sample can include
a DNA sample or an RNA sample, for example. The
predetermined nucleotide base sequence can be
associated with a genetically-inherited disease
and/or a genetic predisposition to disease of the
individual, for example. Detection of these types
of molecular structures allow medical personnel to
formulate an appropriate treatment strategy for the
individual.

As indicated by block 10, a step of providing
a molecular detection device is performed. Various
types of molecular detection devices can be
utilized. Such molecular detection devices
include, but are not limited to, molecular
detection chips, DNA chips, biosensor arrays,
genosensor arrays, and the like.

The molecular detection device typically
includes a plurality binding sites or hybridization
sites which are arranged as an array on a
substrate. Each binding site has a respective

molecular receptor which specifically binds or
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hybridizes with a molecule having a predetermined
structure.

Each molecular receptor typically includes a
biological or synthetic molecule having a specific
affinity to the molecule to be detected. Of
particular interest is a molecular receptor having
a chain of at least one nucleotide to hybridize
with a molecule having a complementary chain of at
least one nucleotide. Here, for example, the
molecular receptor can include a DNA probe for
detecting a corresponding, complementary DNA
sequence in the sample.

It is noted, however, that the scope of the
invention is not limited to sensing the
hybridization of DNA molecules. For example,
embodiments of the present invention can be
utilized to detect RNA hybridization and antibody-
antigen binding events. As another alternative,
the molecular detection device can include an array
of detection sites, such as in the context of an
oligonucleotide ligation assay (OLA). Using a
ligase chain reaction, pairs of oligonucleotides
are utilized to amplify a selected oligonucleotide
sequence. To detect the selected oligonucleotide
sequence, a corresponding detection site is
screened for full-length ligated oligonucleotides
using any of the sensing approaches described
herein.

As indicated by block 12, an optional step of
tagging molecules within the sample is performed.
Each molecule is tagged with a member which can be
sensed by the molecular detection device. Such

members are commonly referred to in the art as

- tags, markers, and labels. Examples of such

members include, but are not limited to,
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radicactive members, optical members (such as
fluorescent members, luminescent members, and
light-scattering members), charged members, and
magnetic members.

As indicated by block 14, a step of applying
the sample to the molecular detection device is
performed. Thereafter, the sample is allowed to
hybridize at one or more ¢of the binding sites, as
indicated by block 16. Typically, the sample
specifically binds to at least one of the binding
sites, and non-specifically binds to at least
another one of the binding sites. By specific
binding, it is meant that an intended target
molecule is bound to a molecular receptor. By non-
specific binding, it is meant that an unintended
target molecule is bound to a molecular receptor.
In the case where the molecular receptor includes a
chain of at least one nucleotide, specific binding
occurs with a molecule having a complementary chain
of the at least one nucleotide. Non-specific
binding with such a molecular receptor occurs with
a molecule having at least one mismatching base.

To hasten the hybridization process, a local
concentration of molecules in the sample can be
increased at predetermined sites using electric
field enhancements. Here, each site has an
electrode associated therewith for selectively
generating an electric field thereby. The electric
field is generated by applying an electric
potential between an electrode at the site and a
counter electrode. To attract molecules to the
site, the polarity of the electric potential is
selected to generate an electric field having a

polarity opposite to the charge of the molecules.
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After hybridization, an optional step of
removing unwanted molecules from the binding sites
can be performed, as indicated by block 18. The
step of removing unwanted molecules can be
performed by generating an electric field having
the same polarity as the charge of the unwanted
molecules. The electric field acts to repel
unwanted molecules from the binding sites. As an
alternative to, or in conjunction with, the field-
based approach, a thermally-assisted approach can
be utilized to remove unwanted molecules. Here,
the temperature at the binding sites is raised, in
dependence upon a melting temperature, to
dissociate partially-bound molecules from the
molecular receptors. Regardless of the approach
utilized, the unwanted molecules to be dehybridized
can include unbound molecules and partially-bound
(i.e. non-specifically bound) molecules.

Typically, the step of removing unwanted
molecules does not remove all unwanted molecules
from the binding sites. This step is beneficial,
however, in improving the accuracy of detection as
outlined in subsequent steps.

As indicated by block 20, the method includes
a step of sensing a pattern in which the sample
binds to an array of binding sites in a molecular
detection device. The pattern can be sensed using
a variety of approaches, including but not limited
to, optical approaches, radioactive-sensing
approaches, electronic approaches, and magnetic
approaches. The specific approach utilized depends
upon the type of tagging member attached to the
molecules in the sample.

Preferably, the step of sensing the pattern

includes sensing an intensity or a magnitude of
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binding at each of a plurality of the array of
binding sites. Each intensity can be indicative of
a number of molecules bound at a respective binding
site, a binding strength at a respective binding
site, and/or a melting temperature for the binding
at a respective binding site.

For the purpose of illustration, the method
will be described using an optical sensing
approach. Here, the step of sensing the pattern
includes capturing at least one image of the
pattern. Typically, the image is formed by
luminescent light, fluorescent light or a
scattering of light associated with a hybridization
event. The image can be captured using a CCD
camera, a confocal microscope, or other like
imaging device.

Preferably, the image indicates an intensity
or magnitude of binding at each of the binding
sites by a measure of illumination. The measure of
illumination at a binding site can be based on a
gray scale or the like at the location of the
binding site on the image. In one embodiment, the
intensity of binding at a binding site is based on
an average illumination (e.g. an average gray
scale) at the binding site.

As indicated by bleock 22, the method includes
a step of comparing the pattern to a reference
pattern to detect the predetermined molecular
structure in the sample. In one embodiment, the
step of comparing includes determining a
correlation between the pattern and the reference
pattern. Here, the predetermined molecular
structure can be detected when a measure of the
correlation is within a predetermined range. 1In

another embodiment, the step of comparing includes
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determining a difference between the pattern and
the reference pattern. Here, the predetermined
molecular structure can be detected when a measure
of the difference is within a predetermined range.

For optical sensing embodiments, the step of
comparing includes a step of comparing at least one
image of the pattern to an image of the reference
pattern.

As indicated by block 24, the method
optionally comprises a step of determining a
confidence level of detecting the predetermined
molecular structure in the sample. The confidence
level indicates a degree of significance of the
result obtained in the step of comparing in block
22.

To screen the sample for a plurality of
different molecular structures, the steps indicated
by blocks 22 and 24 can be repeated for a plurality
of different reference patterns. Here, for
example, a genomic sample can be screened to
determine if it contains any of a plurality of
predetermined base sequences.

FIG. 2 is a flow chart of an embodiment of a
method of generating the reference pattern.
Typically, the reference pattern is generated prior
to performing the steps indicated in FIG. 1.

As indicated by block 30, the method includes
a step of providing a reference device having a
like array of binding sites as the molecular
detection device used for detection. If desired,
the same molecular detection device can be utilized
for generating the reference pattern and for
subsequent detection of an unknown molecular
structure in a sample. Typically, however, another

like device is utilized.

il
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As indicated by block 32, an optional step of
tagging molecules in a reference sample is
performed. The reference sample is selected to
contain the predetermined molecular structure which
is to be detected.

As indicated by block 34, a step of applying
the reference sample to the reference device is
performed. As indicated by block 36, the reference
sample is allowed to hybridize at one or more of
the binding sites. Optionally, a step of removing
unwanted molecules from the binding sites is
performed, as indicated by block 38.

As indicated by block 40, a step of sensing a
pattern in which the reference sample binds to the
like array of binding sites is performed. This
pattern is utilized as the reference pattern for
subsequent comparison. Preferably, the reference
pattern is sensed using the same approach as
utilized for subsequent detection steps. It is
further preferred that an intensity of binding at
each of the binding sites in the like array be
included in the reference pattern.

As indicated by block 42, an optional step of
modifying a temperature at the binding sites is
performed. Preferably, the temperature is raised
to dissociate weakly bound molecules from the
binding sites. Thereafter, the step of sensing the
pattern, indicated by block 40, is repeated. The
temperature can be repeatedly raised to generate a
plurality of temperature-dependent reference
patterns.

Thereafter, the reference device can be
washed, and the steps indicated by blocks 32, 34,
36, 38, 40, and 42 can be repeated for another

reference sample containing the same predetermined
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molecular structure. Alternatively, the steps
indicated by blocks 30, 32, 34, 36, 38, 40, and 42
can be repeated to apply the same predetermined
molecular structure to a number of like reference
devices. Either approach may be utilized to
provide a plurality of reference patterns for the
same predetermined molecular structure.

Sensed patterns formed by a sample having an
unknown molecular structure can be compared to each
of the above-described plurality of reference
patterns, or a statistical model thereof, to detect
the predetermined molecular structure in the
sample.

FIG. 3 is a flow chart of another embodiment
of a method of generating the reference pattern.

As indicated by block 50, the method includes a
step of determining an architecture of the array of
binding sites of the molecular detection device.
This step can include determining a layout of the
pinding sites, and determining the type of
molecular receptor at each of the binding sites.

As indicated by block 52, the method includes
a step of predicting a reference pattern in which
the predetermined molecular structure binds to the
array of binding sites. The reference pattern is
predicted based upon the predetermined molecular
structure and the architecture of the molecular
detection device. Preferably, the reference
pattern includes a predicted intensity of binding
at each of the binding sites.

Regardless of the approach taken, the
reference pattern acts as a novelty filter which is
predictive of a successful or a desirable test

result.



10

15

20

25

30

35

WO 98/08083

PCT/US97/14372 —

12

FIGS. 4 to 7 illustrate the detection of a
predetermined molecular structure in accordance
with a specific embodiment of the present
invention. In this simplified example, a
predetermined sequence of nucleotide bases is
detected in a genomic sample, such as a DNA sample.

FIG. 4 illustrates an array of binding sites
60 on a molecular detection device used in the
specific embodiment. The array of binding sites 60
contains all possible single-stranded DNA probes
having a length of three bases. It is noted that
molecular detection devices used in practice
typically have more binding sites. For example,
256x256 arrays containing all possible 8-mer DNA
probes are commonly utilized.

The respective base sequence at each binding
site is indicated using standard nucleotide
abbreviations (“a’” representing adenine, “c¢”
representing cytosine, “g” representing guanine,
and “t” representing thymine). As is known in the
art, each DNA probe is utilized to detect molecules
having a complementary sequence of nucleotide
bases.

FIG. 5 illustrates a reference pattern for
detecting an a-c-g nucleotide sequence in a sample.
The reference pattern indicates an intensity of
binding at each of the binding sites by an
intensity of illumination. Here, darker sites are
indicative of lower binding intensities, while
brighter sites are indicative of higher binding
intensities.

A binding site 62 having a t—-g-c sequence,
which is complementary to the a-c-g sequence, has
the greatest intensity of binding. Binding sites

having single-mismatching complementary bases, such
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as binding sites indicated by reference numeral 64,
have a lesser intensity of binding. Those binding
sites having two mismatching complementary bases,
such as those indicated by reference numeral 66,
have an even lesser intensity of binding. Binding
sites with no matching complementary bases, such as
those indicated by reference numeral 68, have a low
intensity of binding.

FIG. 6 illustrates a reference pattern for
detecting an a-c-t nucleotide sequence in a sample.
The reference patterns in FIGS. 5 and 6 can be
sensed using a reference sample, or can be
predicted based on the number of mismatching bases
at each binding site.

For purposes of illustration, the sequences in
this example are assumed to have a specific
orientation. As a result, an a-c-t sequence and a
t-c-a sequence do not specifically hybridize at the
same binding site. It is noted, however, that this
should not be construed as a limitation in the
scope of the present invention.

FIG. 7 is an example of a pattern generated by
a sample having an unknown molecular structure.

The pattern is generated by applying a sample of
tagged single-stranded DNA molecules to the
molecular detection device, allowing the molecules
to hybridize to the binding sites, and optionally
removing unwanted molecules.

The resulting pattern shows a high intensity
of binding at a t-g-a site 70. If standard
detection techniques were utilized, one would
conclude that the sample includes an a-c-t
nucleotide sequence (i.e. the complement of t-g-a).
However, the overall pattern is better correlated

to the reference pattern for the a-c-g nucleotide
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sequence (in FIG. 5) than to the reference pattern
for a-c-t (in FIG. 6). Moreover, the pattern is
significantly correlated to the reference pattern
in FIG. 5. Hence, the method of the present
invention would conclude that the sample includes
the a-c-g nucleotide sequence.

The pattern in FIG. 7 can be compared to the
reference patterns in FIG. 5 and FIG. 6 using any
of a variety of correlation measures and/or
difference measures. For example, a difference
measure can be formulated using intensity
differences (between the pattern and the reference
pattern) for each of the binding sites. The
difference measure can be a sum of absolute
differences, a maximum difference, a root-mean
square difference, or any other suitable function
of the intensity differences. A correlation
measure can be formulated using a coefficient of
correlation between the pattern intensities and the
reference intensities. In general, any linear or
nonlinear function of the pattern intensities and
the reference intensities can be utilized to
compare the pattern to the reference pattern.

FIG. 8 is a flow chart of additional steps
which can be utilized to detect the predetermined
molecular structure. The steps illustrated here
can be performed after performing the steps
indicated by blocks 10, 12, 14, 16 and 18 in FIG.
1.

As indicated by block 80, a step of modifying
a temperature at the binding sites is performed.
Preferably, the temperature 1s raised to dissociate
weakly bound molecules from the binding sites. The

temperature can be independently modified at
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selected binding sites, or can be modified for all
of the binding sites.

Thereafter, a step of sensing a pattern,
indicated by block 82, is performed. By repeatedly
raising the temperature and sensing a resulting
pattern, a plurality of temperature-dependent
patterns is generated.

As indicated by block 84, a step of comparing
at least one of the plurality of temperature-
dependent patterns to a corresponding at least one
of a plurality of temperature-dependent reference
patterns is performed. Here, for example, each of
the temperature-dependent patterns can be compared
to a corresponding one of the temperature-dependent
reference patterns. Alternatively, only selected
ones of the temperature-dependent patterns can be
compared to corresponding reference patterns. A
correlation measure and/or a difference measure is
computed based on this comparison. A predetermined
molecular structure is detected when the measure is
within a predetermined range.

In one embodiment, the temperature-dependent
pattern having a greatest variability of intensity
is selected for comparison. The variability of
intensity is greatest at a temperature which
dissociates many non-specifically-bound molecules,
but does not significantly dissociate specifically-
bound molecules. This pattern can be compared with
a corresponding reference pattern to detect a
predetermined molecular structure. It is noted
that a variety of different measures of variability
can be utilized, including but not limited to,
sample variance and sample standard deviation.

FIG. 9 is a block diagram of an apparatus for

detecting a predetermined molecular structure in a
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sample. The apparatus includes an array of binding
sites 90 each having a respective molecular
receptor. A sensor 92 provides means for sensing
the pattern in which the sample binds to the array
of binding sites 90. Various types of sensors can
be utilized, as described earlier.

A memory 94 contains a library of at least one
reference pattern. Preferably, the memory 94
contains a library of a plurality of reference
patterns so that the apparatus can be utilized for
detecting any of a plurality of predetermined
molecular structures in the sample.

A processor 96 is operatively associated with
the sensor 92 and the memory 94. The processor 96
provides means for comparing the pattern sensed by
the sensor 92 to the reference patterns stored in
the memory. Based on the comparison{s), the
processor 96 outputs an indication of which
predetermined molecular structure is detected, and
a confidence level therefor.

In one embodiment, the array of binding sites
90, the sensor 92, the memory 94, and the processor
96 are integrated to form a single device.
Alternatively, selected ones of the above-described
components can be external to the device.

Regardless of its form, the above-described
apparatus can be utilized to perform the steps
described for FIGS. 1 and 8. To modify the
temperature at the binding sites, one or more
heating elements 98 can be incorporated in the
device. The heating elements 98 are preferably
controlled by the processor 96 to form a plurality
of temperature-dependent patterns.

FIG. 10 is a flow chart of an embodiment of a

method of gene discovery in accordance with the
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present invention. As indicated by block 100, the
method includes a step of sensing a pattern of
detection for a sample applied to a molecular
detection device having a plurality of detection
sites. The sample is taken from a first species
having unknown genes to be discovered. Any of the
various approaches described herein can be utilized
for sensing the pattern.

As indicated by block 12, the method includes
a step of determining an architecture of the
plurality of detection sites of the molecular
detection device.

A step of reading a nucleotide sequence from a
database is performed, as indicated by block 104.
In general, any nucleotide sequence can be read.

Of particular interest, however, is a nucleotide
sequence from a second species other than the first
species. For example, the nucleotide segquence can
include a gene from a fruit fly, -while the sample
in which gene discovery is to be performed is from
a human.

As indicated by block 106, the method includes
a step of predicting a reference pattern which
would be detected if the nucleotide sequence were
applied to the molecular detection device. As
indicated by block 108, a step of comparing the
pattern to the reference pattern is performed to
determine whether the nucleotide sequence is within
the sample.

The steps of reading a nucleotide sequence
from the database, predicting a reference pattern
for the nucleotide sequence, and comparing the
pattern to the reference pattern are repeated to
discover the presence of genes across different

species.

PCT/US97/14372
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Thus, there has been described herein a
concept, as well as several embodiments including
preferred embodiments of a method and apparatus for
detecting predetermined molecular structures in a
sample.

Because the various embodiments of the present
invention compare actual test patterns to predicted
or sensed reference patterns, they provide a
significant improvement in that the results of a
diagnostic test can be rapidly determined.
Additionally, the various embodiments of the
present invention as herein-described use a
plurality of temperature-dependent patterns to
improve the sensitivity and accuracy of detection.

It will be apparent to those skilled in the
art that the disclosed invention may be modified in
numerous ways and may assume many embodiments other
than the preferred form specifically set out and
described above.

Accordingly, it is intended by the appended
claims to cover all modifications of the invention
which fall within the true spirit and scope of the

invention.
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Claims
1. A method of detecting a predetermined

molecular structure in a sample, the method
comprising the steps of:

sensing a pattern in which the sample binds to
an array of binding sites in a molecular detection
device; and

comparing the pattern to a reference pattern
to detect the predetermined molecular structure in

the sample.

2. The method of claim 1 further comprising
the step of determining a confidence level of
detecting the predetermined molecular structure in

the sample.

3. The method of claim 1 wherein the step of
comparing includes at least one of determining a
difference between the pattern and the reference
pattern, determining a correlation between the
pattern and the reference pattern, comparing at
least one image of the pattern to an image of the
reference pattern, comparing a plurality of
temperature-dependent patterns to a plurality of
temperature-dependent reference patterns.

4, The method of claim 1 wherein an intensity
level of at least one of the binding sites is
indicative of at least one of molecules bcund at a
respective binding site, a binding strength at a
respective binding site, and a melting temperature

at a respective binding site.
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5. The method of claim 1 wherein the sample
includes at least one of an environmental sample
and an agriculture sample.
6. An apparatus for detecting a predetermined
molecular structure in a sample, the apparatus
comprising:

a sensor for sensing a pattern in which the
sample binds to an array of binding sites;

a memory which contains a reference pattern
for the predetermined molecular structure; and

a processor operatively associated with the
sensor and the memory, the processor for comparing
the pattern to the reference pattern to detect the

predetermined molecular structure in the sample.

7. The apparatus of claim & wherein the
sensor senses the pattern by capturing at least one
image of the pattern.

8. The apparatus of claim 6 wherein the
sensor senses a plurality of temperature-dependent
patterns.

9. The apparatus of claim 8 wherein the
processor selects a temperature-dependent pattern
having a greatest variability of intensity, and
compares the temperature-dependent pattern having
the greatest variability of intensity to the

reference pattern.

10. The apparatus of claim 6 wherein the
reference pattern is generated by sensing a pattern
in which a reference sample containing the

predetermined molecular structure binds to a like
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array of binding sites or by predicting a pattern
in which the predetermined molecular structure

binds to the array of binding sites.
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