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ELECTRONIC METHODS FOR THE DETECTION OF ANALYTES
UTILIZING MONOLAYERS

FIELD OF THE INVENTION

The present invention relates to the use of self-assembled monolayers with mixtures of conductive

oligomers and insulators to detect target analytes.
BACKGROUND OF THE INVENTION

There are a number of assays and sensors for the detection of the presence and/or concentration of
specific substances in fluids and gases. Many of these rely on specific ligand/antiligand reactions as
the mechanism of detection. Thatis, pairs of substances (i.e. the binding pairs or ligand/antiligands)
are known to bind to each other, while binding little or not at all to other substances. This has been the
focus of a number of techniques that utilize these binding pairs for the detection of the complexes.
These generally are done by labeling one component of the complex in some way, so as to make the
entire complex detectable, using, for example, radioisotopes, fluorescent and other optically active

molecules; enzymes; etc.

Other assays rely on electronic signals for detection. Of particular interest are biosensors. At least
two types of biosensors are known; enzyme-based or metabolic biosensors and binding or bioaffinity
sensors. See for example U.S. Patent No. 4,713,347, 5,192,507; 4,920,047; 3,873,267, and

references disclosed therein. While some of these known sensors use alternating current (AC)
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technigues, these techniques are generally limited to the detection of differences in bulk (or dielectric)

impedance.

The use of self-assembled monolayers (SAMs) on surfaces for binding and detection of biological
molecules has recently been explored. See for example W098/20162; PCT USS8/12430; PCT
US98/12082; PCT US99/01705; and U.S. Patent No. 5,620,850; and references cited therein.

Accordingly, it is an object of the invention to provide novel methods and compositions for the

electronic detection of target analytes using self-assembled monolayers.
SUMMARY OF THE INVENTION

In accordance with the objects outlined above, the present invention provides compositions comprising
electrodes comprising a monolayer comprising conductive oligomers, and a capture binding ligand.
The composition.further comprises a recruitment linker that comprises at least one covalently attached ..

electron transfer moiety, and a solution binding ligand that will bind to a target analyte.

In a further embodiment, the invention provides methods of detecting a target analyte in a test sample
comprising attaching said target analyte to an electrode comprising a monolayer of conductive
oligomers via binding to a capture binding ligand. Recruitment linkers, or signal carriers, are directly or
indirectly attached to the target analyte to form an assay complex. The method further comprises

detecting electron transfer between said ETM and said electrode.

Kits and apparatus comprising the compositions of the method are also provided.
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22A -

In an embodiment of the invention there is provided a modified nucleoside having the formula:

Base

Fe

In another embodiment of the invention there is provided a modified nucleoside having the formula:

Base

wherein PG is a protecting group.

In another embodiment of the invention there is provided A modified nucleoside having the formula:
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-2B-

i Base

(1

wherein PG is a protecting group.

In another embodiment of the invention there is provided a phosphoramidite modified nucleoside
5 having the formula:

Base

—I—N/ L\OCH2CH2CN ?

wherein PG is a protecting group.

in another embodiment of the invention there is provided a method of making a nucleic acid by
10 incorporating at least one phosphoramidite modified nucleoside comprising:
e e e providing a modified mucleoside having the formula:
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-2C-

Base

converting said modified nucleoside into a phosphoramidite modified nucleoside;
adding said phosphoramidite modified nucleoside to a growing nucleic acid,
wherein said nucleic acid is attached to a solid oligomeric support.

BRIEF DESCRIPTION OF THE DRAWINGS

Figures 1A, 1B and 1C depict three preferred embodiments for attaching a target nucleic acid

sequence to.the electrode. Figure 1A depicts a target sequence 120 hybridized to-a capture probe 100 -
linked via a attachment linker 106, which as outlined herein may be either a conductive oligomer or an
insulator. The electrode 105 comprises a monolayer of passivation agent 107, which can comprise
conductive oligomers (herein depicted as 108) and/or insulators (heréin depicted as 109), and

preferably both. As for all the embodiments depicted in the figures, n is an integer of at least 1,

although as will be appreciated by those in the art, the system may not utilize a capture probe at all

(i.e. n is zero), although this is generally not preferred. The upper limit of n will depend on the length

of the target sequence and the required sensitivity. Figure 1B depicts the use of a single capture
extender probe 110 with a first portion-111 that will hybridize to a first portion of.the target sequence
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120 and a second portion that will hybridize to the capture probe 100. Figure 1C depicts the use of
two capture extender probes 110 and 130. The first capture extender probe 110 has a first portion
111 that will hybridize to a first portion of the target sequence 120 and a second portion 112 that will
hybridize to a first portion 102 of the capture probe 100. The second capture extender probe 130 has
a first portion 132 that will hybridize to a second portion of the target sequence 120 and a second
portion 131 that will hybridize to a second portion 101 of the capture probe 100. As will be appreciated
by those in the art, while these systems depict nucleic acid targets, these attachment configurations

may be used with non-nucleic acid capture binding ligands; see for example Figure 2C.

Figure 2A, 2B, 2C and 2D depict several embodiments of the invention. Figure 2A is directed to the
use of a capture binding ligand 200 attached via an attachment linker 106 to the electrode 105. Target
analyte 210 binds to the capture binding ligand 200, and a solution binding ligand 22 with a directly
attached recruitment linker 230 with ETMs 135. Figure 2B depicts a similar embodiment using an
indirectly attached recruitment linker 145 that binds to a second 'portion 240 of the solution binding
ligand 220. Figure 2C depicts the use of an anchor ligand 100 (referred to herein as an anchor probe
when the ligand comprises nucleic acid) to bind the capture binding ligand 200 comprising a portion
120 that will bind to the anchor probe 100. As will be appreciated by those in the art, any of the Figure
1 embodiments may be used here as well. Figure 2D depicts the use of an amplifier probe 145. As
will be appreciated by those in the art, any of the Figure 3 amplifier probe configurations may be used

here as well.

Figures 3A, 3B, 3C, 3D, 3E, 3F, 3G and 3H depict some of the embodiments of the invention. While
depicted for nucleic acids, they can be used in non-nucleic acid embodiments as well. All of the
monolayers depicted herein show the presence of both conductive oligomers 108 and insulators 107
in roughly a 1:1 ratio, although as discussed herein, a variety of different ratios may be used, or the
insulator may be completely absent. In addition, as will be appreciated by those in the art, any one of
these structures may be repeated for a particular target sequence; that is, for long target sequences,
there may be multiple assay complexes formed. Additionally, any of the electrode-attachment

embodiments of Figure 3 may be used in any of these systems.

Figures 3A, 3B and 3D have the target sequence 120 containing the ETMs 135; as discussed herein,
these may be added enzymatically, for example during a PCR reaction using nucleotides modified with
ETMs, resulting in essentially random incorporation throughout the target sequence, or added to the
terminus of the target sequence. Figure 3C depicts the use of two different capture probes 100 and
100’, that hybridize to different portions of the target sequence 120. As will be appreciated by those in-

the art, the 5'-3' orientation of the two capture probes in this embodiment is different.
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Figure 3C depicts the use of recruitment linkers (referred to herein as label probes when nucleic aeids
are used) 145 that hybridize directly to the target sequence 120. Figure 3C shows the use of a label
probe 145, comprising a first portion 141 that hybridizes to a portion of the target sequence 120, a
second portion 142 comprising ETMs 135.

Figures 3E, 3F and 3G depict systems utilizing label probes 145 that do not hybridize directly to the
target, but rather to amplifier probes 150 that are directly (Figure 3E) or indirectly (Figures 3F and 3G)
hybridized to the target sequence. Figure 3E utilizes an amplifier probe 150 has a first portion 151 that
hybridizes to the target sequence 120 and at least one second portion 152, i.e. the amplifier sequence,
that hybridizes to the first portion 141 of the label probe. Figure 3F is similar, except that a first label
extender probe 160 is used, comprising a first portion 161 that hybridizes to the target sequence 120
and a second portion 162 that hybridizes to a first portion 151 of ampilifier probe 150. A second portion
152 of the amplifier probe 150 hybridizes to a first portion 141 of the label probe 140, which also
comprises a recruitment linker 142 comprising ETMs 135. Figure 3G adds a second label extender
probe 170, with a first portion 171 that hybridizes to a portion of the target sequence 120 and a second

portion that hybridizes to a portion of the amplifier probe.

Figure 3H depicts a system that utilizes multiple label probes. The first portion 141 of the label probe
140 can hybridize to all or part of the recruitment linker 142.

Figures 4A and 4B show two competitive type assays of the invention. Figure 4A utilizes the
replacement of a target analyte 210 with a target analyte analog 310 comprising a directly attached
recruitment linker 145. As will be appreciated by those in the art, an indirectly attached recruitment
linker can also be used, as shown in Figure 2B. Figure 4B shows a competitive assay wherein the
target analyte 210 and the target analyte analog 310 attached to the surface compete for binding of a
solution binding ligand 220 with a directly attached recruitment linker 145 (again, an indirectly attached

recruitment linker can also be used, as shown in Figure 2B). In this case, a loss of signal may be seen.

Figures 5A, 5B, 5C, 5D and 5E depict additional embodiments of the invention. Figure 5A shows a
conformation wherein the addition of target alters the conformation of the binding ligands, causing the
recruitment linker 145 to be placed near the monolayer surface. Figure 5B shows the use of the
present invention in candidate bioactive agent screening, wherein the addition of a drug candidate to
target causes the solution binding ligand to dissociate, causing a loss of signal. In addition, the
solution binding ligand may be added to another surface and be bound, as is generally depicted in
figure 5C for enzymes. Figure 5C depicts the use of an enzyme to cleave a substrate 260 comprising
a recruitment linker 145, causing a loss of signal. The cleaved piece may also be added to an

additional electrode, causing an increase in signal. Figure 5D shows the use of two different capture
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. binding ligands 200; these may also be attached to the electrode using capture extender ligands.

Figure SE adds an additional “sandwich component” in the form of an additional solution binding ligand
250.

Figures 6A-6R depict nucleic acid detection systems. Figures 6A and 6B have the target sequence §
containing the ETMs 6, as discussed herein, these may be added enzymatically, for example during a
PCR reaction using nucleotides modified with ETMs, resulting in essentially random incorporation
throughout the target sequence, or added to the terminus of the target sequence. Figure 6A shows
attachment of a capture probe 10 to the electrode 20 via a linker 15, which as discussed herein can be
either a conductive oligomer 25 or an insulator 30. The target sequence 5 contains ETMs 6. Figure 68
depicts the use of a capture extender probe 11, comprising a first portion 12 that hybridizes to a

portion of the target sequence and a second portion 13 that hybridizes to the capture probe 10.

Figure 6C depicts the use of two different capture probes 10 and 10°, that hybridize to different
portions of the target sequence 5. As will be appreciated by those in the art, the 5'-3' orientation of the

two capture probes in this embodiment is different.

Figures 6D to 6H depict the use of label probes 40 that hybridize directly to the target sequence 5.
Figure 6D shows the use of a label probe 40, comprising a first portion 41 that hybridizes to a portion
of the target sequence 5, a second portion 42 that hybridizes to the capture probe 10 and a
recruitment linker 50 comprising ETMs 6. A similar embodiment is shown in Figure 6E, where the
label probe 40 has an additional recruitment linker 50. Figure 6F depicts a label probe 40 comprising
a first portion 41 that hybridizes to a portion of the target sequence 5§ and a recruitment linker 50 with
attached ETMs 6. The parentheses highlight that for any particular target sequence 5 more than one
label probe 40 may be used, with n being an integer of at least 1. Figure 6G depicts the use of the
Figure 6E label probe structures but includes the use of a single capture extender probe 11, with a first
portion 12 that hybridizes to a portion of the target sequence and a second portion 13 that hybridizes
to the capture probe 10. Figure 6H depicts the use of the Figure 6F label probe structures but utilizes
two capture extender probes 11 and 16. The first capture extender probe 11 has a first portion 12 that
hybridizes to a portion of the target sequence 5 and a second portion 13 that hybridizes to a first
portion 14 of the capture probe 10. The second capture extender probe 16 has a first portion 18 that
hybridizes to a second portion of the target sequence § and a second portion 17 that hybridizes to a
second portion 19 of the capture probe 10.

Figures 61, 6J and 6K depict systems utilizing label probes 40 that do not hybridize directly to the
target, but rather to amplifier probes. Thus the amplifier probe 60 has a first portion 65 that hybridizes
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to the target sequence 5 and at least one second portion 70, i.e. the amplifier sequence, that

hybridizes to the first portion 41 of the label probe.

Figures 6L, 6M and 6N depict systems that utilize a first label extender probe 80. In these
embodiments, the label extender probe 80 has a first portion 81 that hybridizes to a portion of the
target sequence 5, and a second portion 82 that hybridizes to the first portion 65 of the amplifier probe
60. ' '

Figure 60 depicts the use of two label extender probes 80 and 90. The first label extender probe 80
has a first portion 81 that hybridizes to a portion of the target sequence 5, and a second portion 82 that
hybridizes to a first portion 62 of the amplifier probe 60. The second label extender probe 90 has a
first portion 91 that hybridizes to a second portion of the target sequence 5 and a second portion 82
that hybridizes to a second portion 61 of the amplifier probe 60.

Figure 6P depicts a system utilizing a label probe 40 hybridizing to the terminus of a target sequence
5.

Figures 6Q and 6R depict systems that utilizes muiltiple label probes. The first portion 41 of the label
probe 40 can hybridize to all (Figure 6R) or part (Figure 6Q) of the recruitment linker 50.

Figure 7 depicts the use of an activated carboxylate for the addition of a nucleic acid functionalized
with a primary amine to a pre-formed SAM.

Figure 8 shows a representative hairpin structure. 500 is a target binding sequence, 510 is a loop
sequence, 520 is a self-complementary region, 530 is substantially complementary to a detection
probe, and 530 is the “sticky end”, that is, a portion that does not hybridize to any other portion of the
probe, that contains the ETMs.

Figure 9 depicts the synthesis of an adenosine comprising a ferrocene linked to the ribose.

Figure 10 depicts the synthesis of a “branch” point (in this case an adenosine), to allow the addition of
ETM polymers.

Figure 11 depicts the synthetic scheme of a preferred attachment of an ETM, in this case ferrocene, to
a nucleoside via the phosphate.

Figure 12 depicts the synthetic scheme of ethylene glycol terminated conductive oligomers.
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Figure 13 depicts the synthesis of an insulator to the ribose of a nucleoside for attachment to an

electrode.

Figures 14A, 14B, 14C, 14D, 14E, 14F, 14G, 14H, 14l, 14J and 14K depict a number of different

embodiments of the invention; the results are shown in Example 7.

Figures 15A-150 depict depict a number of different compositions of the invention; the results are
shown in Example 7 and 8. Figure 15A depicts |, also referred to as P290. Figure 15B depicts Il, also
referred to as P291. Figure 15C depicts lll, also referred to as W31. Figure 15D depicts IV, also
referred to as N6. Figure 15E depicts V, also referred to as P292. Figure 51F depicts Il, also referred
to as C23. Figure 15G depicts VII, also referred to as C15. Figure 15H depicts VIII, also referred to
as C95. Figure 151 depicts Y63. Figure 1J depicts another compound of the invention. Figure 15K
depicts N11. Figure 15L depicts C131, with a phosphoramidite group and a DMT protecting group.
Figure 15M depicts W38, also with a phosphoramidite group and a DMT protecting group. Figure 15N
depicts the commercially available moiety that enables “branching” to occur, as its incorporation into a
growing oligonucleotide chain results in addition at both the DMT protected oxygens. Figure 150
depicts glen, also with a phosphoramidite group and a DMT protecting group, that serves as a non-
nucleic acid linker. Figures 15A to 15G and 15J are shown without the phosphoramidite and

protecting groups (i.e. DMT) that are readily added.

Figures 16A - 16B depict representative scans from the experiments outlined in Example 7. Unless
otherwise noted, all scans were run at initial voltage -0.11 V, final voltage 0.5 V, with points taken
every 10 mV, amplitude of 0.025, frequency of 10 Hz, a sample period of 1 sec, a quiet time of 2 sec.
Figure 16A has a peak potential of 0.160 V, a peak current of 1.092 X 108 A, and a peak A of 7.563 X
10"° VA

Figure 17 depicts the synthetic scheme for a ribose linked ETM, W38.

Figures 18A and 18B depicts two phosphate attachments of conductive oligomers that can be used to

add the conductive oligomers at the §' position, or any position.

Figure 19 depicts a schematic of the synthesis of simultaneous incorporation of multiple ETMs into a

~ nucleic acid, using a “branch” point nucleoside.
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Figure 20 depicts a schematic of an alternate method of adding large numbers of ETMs
simultaneously to a nucleic acid using a “branch” point phosphoramidite, as is known in the art. As will
be appreciated by those in the art, each end point can contain any number of ETMs.

Figures 21A, 21B, 21C, 21D and 21E depict different possible configurations of label probes and
attachments of ETMs. In Figures 21A-C, the recruitment linker is nucleic acid; in Figures 21D and E,
is is not. A = nucleoside replacement; B = attachment to a base; C = attachment to a ribose; D =
attachment to a phosphate; E = metallocene polymer (although as described herein, this can be a
polymer of other ETMs as well), attached to a base, ribose or phosphate (or other backbone analogs),
F = dendrimer structure, attached via a base, ribose or phosphate (or other backbone analogs); G =
attachment via a “branching” structure, through base, ribose or phosphate (or other backbone
analogs); H = attachment of metallocene (or other ETM) polymers; | = attachment via a dendrimer

structure; J = attachment using standard linkers.
Figures 22A and 22B depict some of the sequences used in the Examples.
DETAILED DESCRIPTION OF THE INVENTION

The present invention is directed to the electronic detection of analytes. Previous work, described in
PCT US97/20014, is directed to the detection of nucleic acids, and utilizes nucleic acids covalently
attached to electrodes using conductive oligomers, i.e. chemical “wires”. Upon formation of double
stranded nucleic acids containing electron transfer moieties (ETMs), electron transfer can proceed
through the stacked r-orbitals of the heterocyclic bases to the electrode, thus enabling electronic
detection of target nucleic acids. Inthe absence of the stacked n-orbitals, i.e. when the target strand
is not present, electron transfer is negligible, thus allowing the use of the system as an assay. This
previous work also reported on the use of self-assembled monolayers (SAMs) to electronically shield
the electrodes from solution components and significantly decrease the amount of non-specific binding

to the electrodes.

The present invention is directed to the discovery that present or absence of ETMs can be directly
detected on a surface of a monolayer if the monolayer comprises conductive oligomers, and preferably
mixtures of conductive oligomers and insulators. Thus, for example, when the target analyte is a
nucleic acid, the electrons from the ETMs need not travel through the stacked i orbitals in order to
generate a signal. Instead, the presence of ETMs on the surface of a SAM, that comprises conductive
oligomers, can be directly detected. Thus, upon binding of a target analyte to a binding species on the
surface, a recruitment linker comprising an ETM is brought to the surface, and detection of the ETM

can proceed. Thus, the role of the target analyte and binding species is to provide specificity for a




10

15

20

25

30

35

WO 99/57317 PCT/US99/101 64

recruitment of ETMs to the surface, where they can be detected using the electrode. Without being
bound by theory, one possible mechanism is that the role of the SAM comprising the conductive
oligomers is to “raise” the electronic surface of the electrode, while still providing the benefits of
shielding the electrode from solution components and reducing the amount of non-specific binding to

the electrodes.

The invention can be generally described as follows, with a number of possible embodiments depicted
in the Figures. In a preferred embodiment, as depicted in Figure 2, an electrode comprising a self-
assembled monolayer (SAM) of conductive oligomers, and preferably a mixture of conductive
oligomers and insulators, and a covalently attached target analyte binding ligand (frequently referred to
herein as a “capture binding ligand") is made. The target analyte is added, which binds to the support-
bound binding ligand. A solution binding ligand is added, which may be the same or different from the
first binding ligand, which can also bind to the target analyte, forming a “sandwich” of sorts. The
solution binding ligand either comprises a recruitment linker containing ETMs, or comprises a portion
that will either directly or indirectly bind a recruitment linker containing the ETMs. This “recruitment” of
ETMs to the surface of the monolayer allows electronic detection via electron transfer between the
ETM and the electrode. In the absence of the target analyte, the recruitment linker is either washed

away or not in sufficient proximity to the surface to allow detection.

In an alternate preferred embodiment, as depicted in Figure 4, a competitive binding type assay is run.
In this embodiment, the target analyte in the sample is replaced by a target analyte analog as is
described below and generally known in the art. The analog comprises a directly or indirectly attached
recruitment linker comprising at least one ETM. The binding of the analog to the capture binding
ligand recruits the ETM to the surface and allows detection based on electron transfer between the
ETM and the electrode.

In an additional preferred embodiment, as depicted in Figure 4B, a competitive assay wherein the
target analyte and a target analyte analog attached to the surface compete for binding of a solution
binding ligand with a directly or indirectly attached recruitment linker. In this case, a loss of signal may
be seen.

Accordingly, the present invention provides methods and compositions useful in the detection of target
analytes. By “target analyte” or “analyte” or grammatical equivalents herein is meant any molecule or
compound to be detected and that can bind to a binding species, defined below. Suitable analytes
include, but not limited to, small chemical molecules such as environmental or clinical chemical or
pollutant or biomolecule, including, but not limited to, pesticides, insecticides, toxins, therapeutic and

abused drugs, hormones, antibiotics, antibodies, organic materials, etc. Suitable biomolecules
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include, but are not limited to, proteins (including enzymes, immunoglobulins and glycoproteins),
nucleic acids, lipids, lectins, carbohydrates, hormones, whole cells (including procaryotic (such as
pathogenic bacteria) and eucaryotic cells, including mammalian tumor cells), viruses, spores, etc.
Particularly preferred analytes are proteins including enzymes; drugs, cells; antibodies; antigens;
cellular membrane antigens and receptors (neural, hormonal, nutrient, and cell surface receptors) or

their ligands.

By “proteins” or grammatical equivalents herein is meant proteins, oligopeptides and peptides, and
analogs, including proteins containing non-naturally occuring amino acids and amino acid analogs,

and peptidomimetic structures.

As will be appreciated by those in the art, a large number of analytes may be detected using the
present methods; basically, any target analyte for which a binding ligand, described below, may be
made may be detected using the methods of the invention.

By “nucleic acid” or "oligonucleotide” or grammatical equivalents herein means at least two
nucleotides covalently linked together. A nucleic acid of the present invention will generally contain
phosphodiester bonds, although in some cases, as outlined below, nucleic acid analogs are included
that may have alternate backbones, comprising, for example, phosphoramidé (Beaucage et al.,
Tetrahedron 49(10):1925 (1993) and references therein; Letsinger, J. Org. Chem. 35:3800 (1970);
Sprinzl et al., Eur. J. Biochem. 81:579 (1977); Letsinger et al., Nucl. Acids Res. 14:3487 (1986); Sawai
et al, Chem. Lett. 805 (1984), Letsinger et al., J. Am. Chem. Soc. 110:4470 (1988); and Pauwels et al.,
Chemica Scripta 26:141 91986)), phosphorothioate (Mag et al., Nucleic Acids Res. 19:1437 (1991);
and U.S. Patent No. 5,644,048), phosphorodithioate (Briq etal., J. Am. Chem. Soc. 111:2321 (1989),
O-methylphophoroamidite linkages (see Eckstein, Oligonucleotides and Analogues: A Practical
Approach, Oxford University Press), and peptide nucleic acid backbones and linkages (see Eghoim, J.
Am. Chem. Soc. 114:1895 (1992); Meier et al., Chem. Int. Ed. Engl. 31:1008 (1992); Nielsen, Nature,
365:566 (1993); Carlsson et al., Nature 380:207 (1996), all of which are incorporated by reference).
Other analog nucleic acids include those with positive backbones (Denpcy et al., Proc. Natl. Acad. Sci.
USA 92:6097 (1995); non-ionic backbones (U.S. Patent Nos. 5,386,023, 5,637,684, 5,602,240,
5,216,141 and 4,469,863, Kiedrowshi et al., Angew. Chem. Intl. Ed. English 30:423 (1991); Letsinger
et al., J. Am. Chem. Soc. 110:4470 (1988); Letsinger et al., Nucleoside & Nucleotide 13:1597 (1994);
Chapters 2 and 3, ASC Symposium Series 580, “Carbohydrate Modifications in Antisense Research”,
Ed. Y.S. Sanghui and P. Dan Cook; Mesmaeker et al., Bioorganic & Medicinal Chem. Lett. 4:395
(1994); Jeffs et al., J. Biomolecular NMR 34:17 (1994); Tetrahedron Lett. 37:743 (1996)) and non-
ribose backbones, including those described in U.S. Patent Nos. 5,235,033 and 5,034,506, and
Chapters 6 and 7, ASC Symposium Series 580, “Carbohydrate Modifications in Antisense Research”,
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Ed. Y.S. Sanghui and P. Dan Cook. Nucleic acids containing one or more carbocyclic sugars are also
included within the definition of nucleic acids (see Jenkins et al., Chem. Soc. Rev. (1995) pp169-
176). Several nucleic acid analogs are described in Rawls, C & E News June 2, 1997 page 35. All of
these references are hereby expressly incorporated by reference. These modifications of the ribose-
phosphate backbone may be done to facilitate the addition of ETMs, or to increase the stability and

half-life of such molecules in physiological environments.

As will be appreciated by those in the art, all of these nucleic acid analogs may find use in the present
invention. In addition, mixtures of naturally occurring nucleic acids and analogs can be made; for
example, at the site of conductive oligomer or ETM attachment, an analog structure may be used.
Alternatively, mixtures of different nucleic acid analogs, and mixtures of naturally occuring nucleic

acids and analogs may be made.

Particularly preferred are peptide nucleic acids (PNA) which includes peptide nucleic acid analogs.
These backbones are substantially non-ionic under neutral conditions, in contrast to the highly
charged phosphodiester backbone of naturally occurring nucleic acids. This results in two
advantages. First, the PNA backbone exhibits improved hybridization kinetics. PNAs have larger
changes in the melting temperature (Tm) for mismatched versus perfectly matched basepairs. DNA
and RNA typically exhibit a 2-4°C drop in Tm for an internal mismatch. With the non-ionic PNA
backbone, the drop is closer to 7-9°C. Similarly, due to their non-ionic nature, hybridization of the
bases attached to these backbones is relatively insensitive to salt concentration. This is particularly
advantageous in the systems of the present invention, as a reduced salt hybridization solution has a
lower Faradaic current than a physiological salt solution (in the range of 150 mM).

The nucleic acids may be single stranded or double stranded, as specified, or contain portions of both
double stranded or single stranded sequence. The nucleic acid may be DNA, both genomic and
cDNA, RNA or a hybrid, where the nucleic acid contains any combination of deoxyribo- and ribo-
nucleotides, and any combination of bases, including uracil, adenine, thymine, cytosine, guanine,
inosine, xathanine hypoxathanine, isocytosine, isoguanine, etc. A preferred embodiment utilizes
isocytosine and isoguanine in nucleic acids designed to be complementary to other probes, rather
than target sequences, as this reduces non-specific hybridization, as is generally described in U.S.
Patent No. 5,681,702. As used herein, the term “nucleoside” includes nucleotides as well as
nucleoside and nucleotide analogs, and modified nucleosides such as amino modified nucleosides. in
addition, “nucleoside” includes non-naturally occuring analog structures. Thus for example the
individual units of a peptide nucleic acid, each containing a base, are referred to herein as a
nucleoside.
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In one embodiment, nucleic acid target analytes are not preferred.

As will be appreciated by those in the art, a large number of analytes may be detected using the
present methods; basically, any target analyte for which a binding ligand, described below, may be

made may be detected using the methods of the invention.

Accordingly, the present invention provides methods and compositions useful in the detection of target
analytes. In a preferred embodiment, the compositions comprise an electrode comprising a
monolayer. By “electrode” herein is meant a composition, which, when connected to an electronic
device, is able to sense a current or charge and convert it to a signal. Thus, an electrode is an ETM
as described herein. Preferred electodes are known in the art and include, but are not limited to,
certain metals and their oxides, including gold; platinum; palladium; silicon; aluminum; metal oxide
electrodes including platinum oxide, titanium oxide, tin oxide, indium tin oxide, palladium oxide, silicon
oxide, aluminum oxide, molybdenum oxide (Mo,0O), tungsten oxide (WO,) and ruthenium oxides; and
carbon (including glassy carbon electrodes, graphite and carbon paste). Preferred electrodes include
gold, silicon, carbon and metal oxide electrodes, with gold being particularly preferred.

The electrodes described herein are depicted as a flat surface, which is only one of the possible
conformations of the electrode and is for schematic purposes only. The conformation of the electrode
will vary with the detection method used. For example, flat planar electrodes may be preferred for
optical detection methods, or when arrays of nucleic acids are made, thus requiring addressable
locations for both synthesis and detection. Alternatively, for single probe analysis, the electrode may
be in the form of a tube, with the SAMs comprising conductive oligomers and nucleic acids bound to
the inner surface. This allows a maximum of surface area containing the nucleic acids to be exposed

to a small volume of sample.

The electrode comprises a monolayer, comprising conductive oligomers. By “monolayer” or “self-
assembled monolayer” or "SAM" herein is meant a relatively ordered assembly of molecules
spontaneously chemisorbed on a surface, in which the molecules are oriented approximately parallel
to each other and roughly perpendicular to the surface. Each of the molecules includes a functional
group that adheres to the surface, and a portion that interacts with neighboring mclecules in the
monolayer to form the relatively ordered array. A “mixed” monolayer comprises a heterogeneous
monolayer, that is, where at least two different molecules make up the monolayer. The SAM may
comprise conductive oligomers alone, or a mixture of conductive oligomers and insulators. As outlined
herein, the use of a monolayer reduces the amount of non-specific binding of biomolecules to the
surface, and, in the case of nucleic acids, increases the efficiency of oligonucleotide hybridization as a

result of the distance of the oligonucleotide from the electrode. "Thus, a monolayer facilitates the
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maintenance of the target analyte away from the electrode surface. In addition, a monolayer serves to
keep charge carriers away from the surface of the electrode. Thus, this layer helps to prevent
electrical contact between the electrodes and the ETMs, or between the electrode and charged
species within the solvent. Such contact can result in a direct “short circuit” or an indirect short circuit
via charged species which may be present in the sample. Accordingly, the monolayer is preferably
tightly packed in a uniform layer on the electrode surface, such that a minimum of “holes” exist. The

monolayer thus serves as a physical barrier to block solvent accesibility to the electrode.

In a preferred embodiment, the monolayer comprises conductive oligomers. By “conductive oligomer”
herein is meant a substantially conducting oligomer, preferably linear, some embodiments of which are
referred to in the literature as “molecular wires". By “substantially conducting” herein is meant that the
oligomer is capable of transfering electrons at 100 Hz. Generally, the conductive oligomer has
substantially overlapping ni-orbitals, i.e. conjugated n-orbitals, as between the monomeric units of the
conductive oligomer, although the conductive oligomer may also contain one or more sigma (o) bonds.
Additionally, a conductive oligomer may be defined functionally by its ability to inject or receive

electrons into or from an associated ETM. Furthermore, the conductive oligomer is more conductive

than the insulators as defined herein. Additionally, the conductive oligomers of the invention are to be

distinguished from electroactive polymers, that themselves may donate or accept electrons.

in a preferred embodiment, the conductive oligomers have a conductivity, S, of from between about
10 to about 10* Q'cm™', with from about 10 to about 10° Q'cm being preferred, with these S values
being calculated for molecules ranging from about 20A to about 200A. As described below, insulators
have a conductivity S of about 10”7 Q'cm™ or lower, with less than about 10® Q'cm™ being preferred.
See generally Gardner et al., Sensors and Actuators A 51 (1995) 57-66, incorporated herein by

reference.

Desired characteristics of a conductive oligomer include high conductivity, sufficient solubility in
organic solvents and/or water for synthesis and use of the compositions of the invention, and
preferably chemical resistance to reactions that occur i) during nucleic acid synthesis (such that
nucleosides containing the conductive oligomers may be added to a nucleic acid synthesizer during
the synthesis of the compositions of the invention), ii) during the attachment of the conductive oligomer
to an electrode, or iii) during hybridization assays. In addition, conductive oligomers that will promote

the formation of self-assembled monolayers are preferred.

The oligomers of the invention comprise at least two monomeric subunits, as described herein. As is

described more fully below, oligomers include homo- and hetero-oligomers, and include polymers.
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In a preferred embodiment, the conductive oligomer has the structure depicted in Structure 1:
Structure 1

)

As will be understood by those in the art, all of the structures depicted herein may have additional
atoms or structures; i.e. the conductive oligomer of Structure 1 may be attached to ETMs, such as
electrodes, transition metal complexes, organic ETMs, and metallocenes, and to capture binding
ligands such as nucleic acids, or to several of these. Unless otherwise noted, the conductive oligomers
depicted herein will be attached at the left side to an electrode; that is, as depicted in Structure 1, the
left “Y” is connected to the electrode as described herein. If the conductive oligomer is to be attached
to a binding ligand, the right “Y”, if present, is attached to the capture binding ligand, either directly or
through the use of a linker, as is described herein.

In this embodiment, Y is an aromatic group, n is an integer from 1 to 50, g is either 1 or zero, e is an
integer from zero to 10, and mis zero or 1. When g is 1, B-D is a conjugated bond, preferably
selected from' acetylene, alkene, substituted alkene, amide, azo, -C=N- (including -N=C-, -CR=N- and
-N=CR-), -Si=Si-, and -Si=C- (including -C=Si-, -Si=CR- and -CR=Si-). When g is zero, e is preferably
1, D is preferably carbonyl, or a heteroatom moiety, wherein the heteroatom is selected from oxygen,
sulfur, nitrogen, silicon or phosphorus. Thus, suitable heteroatom moieties include, but are not limited
to, -NH and -NR, wherein R is as defined herein; substituted sulfur; sulfonyl (-SO,-) sulfoxide (-SO-);
phosphine oxide (-PO- and -RPO-); and thiophosphine (-PS- and -RPS-). However, when the
conductive oligomer is to be attached to a gold electrode, as outlined below, sulfur derivatives are not
preferred.

By “aromatic group” or grammatical equivalents herein is meant an aromatic monocyclic or polycyclic
hydrocarbon moiety generally containing 5 to 14 carbon atoms (although larger polycyclic rings
structures may be made) and any carbocylic ketone or thioketone derivative thereof, wherein the
carbon atom with the free valence is a member of an aromatic ring. Aromatic groups include arylene
groups and aromatic groups with more than two atoms removed. For the purposes of this application
aromatic includes heterocycle. “Heterocycle” or “heteroaryl” means an aromatic group wherein 1 to 5
of the indicated carbon atoms are replaced by a heteroatom chosen from nitrogen, oxygen, sulfur,
phosphorus, boron and silicon wherein the atom with the free valence is a member of an aromatic ring,
and any heterocyclic ketone and thioketone derivative thereof. Thus, heterocycle includes thienyl,

furyl, pyrrolyl, pyrimidinyl, oxalyl, indolyl, purinyl, quinolyl, isoquinolyl, thiazolyl, imidozyl, etc.
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Importantly, the Y aromatic groups of the conductive oligomer may be different, i.e. the conductive
oligomer may be a heterooligomer. That is, a conductive oligomer may comprise a oligomer of a

single type of Y groups, or of multiple types of Y groups.

The aromatic group may be substituted with a substitution group, generally depicted herein as R. R
groups may be added as necessary to affect the packing of the conductive oligomers, i.e. R groups
may be used to alter the association of the oligomers in the monolayer. R groups may also be added
to 1) alter the solubility of the oligomer or of compositions containing the oligomers; 2) alter the
conjugation or electrochemical potential of the system; and 3) alter the charge or characteristics at the

surface of the monolayer.

In a preferred embodiment, when the conductive oligomer is greater than three subunits, R groups are
preferred to increase solubility when solution synthesis is done. However, the R groups, and their
positions, are chosen to minimally effect the packing of the conductive oligomers on a surface,
particularly within a monolayer, as described below. In general, only small R groups are used within
the monolayer, with larger R groups generally above the surface of the monolayer. Thus for example
the attachment of methyl groups to the portion of the conductive oligomer within the monolayer to
increase solubility is preferred, with attachment of longer alkoxy groups, for example, C3 to C10, is
preferably done above the monolayer surface. In general, for the systems described herein, this
generally means that attachment of sterically significant R groups is not done on any of the first two or

three oligomer subunits, depending on the average length of the molecules making up the monolayer.

Suitable R groups include, but are not limited to, hydrogen, alkyl, alcohol, aromatic, amino, amido,
nitro, ethers, esters, aldehydes, sulfonyl, silicon moieties, halogens, sulfur containing moieties,
phosphorus containing moieties, and ethylene glycols. In the structures depicted herein, R is
hydrogen when the position is unsubstituted. It should be noted that some positions may allow two

substitution groups, R and R’, in which case the R and R’ groups may be either the same or different.

By "alkyl group" or grammatical equivalents herein is meant a straight or branched chain alky! group,
with straight chain alkyl groups being preferred. If branched, it may be branched at one or more
positions, and unless specified, at any position. The alkyl group may range from about 1 to about 30
carbon atoms (C1 -C30), with a preferred embodiment utilizing from about 1 to about 20 carbon atoms
(C1 -C20), with about C1 through about C12 to about C15 being preferred, and C1 to C5 being
particularly preferred, although in some embodiments the alky! group may be much larger. Also
included within the definition of an alkyl group are cycloalkyl groups such as C5 and C6 rings, and
heterocyclic rings with nitrogen, oxygen, sulfur or phosphorus. Alkyl also includes heteroalkyl, with

heteroatoms of sulfur, oxygen, nitrogen, and silicone being preferred. Alkyl includes substituted alky!
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groups. By “substituted alkyl group” herein is meant an alkyl group further comprising one or more
substitution moieties “R", as defined above.

By “amino groups” or grammatical equivalents herein is meant -NH,, -NHR and -NR, groups, with R

being as defined herein.

By “nitro group” herein is meant an -NO, group.

By “sulfur containing moieties” herein is meant compounds containing sulfur atoms, including but not
limited to, thia-, thio- and sulfo- compounds, thiols (-SH and -SR), and sulfides (-RSR-). By
“phosphorus containing moieties” herein is meant compounds containing phosphorus, including, but
not limited to, phosphines and phosphates. By “silicon containing moieties” herein is meant

compounds containing silicon.

By “ether” herein is meant an -O-R group. Preferred ethers include alkoxy groups, with -O-(CH,),CH,
and -O-(CH,),CH, being preferred.

By “ester” herein is meant a -COOR group.

By “halogen” herein is meant bromine, iodine, chlorine, or fluorine. Preferred substituted alkyls are
partially or fully halogenated alkyls such as CF,, etc.

By “aldehyde” herein is meant -RCHO groups.

By “alcohol” herein is meant -OH groups, and alkyl alcohols -ROH.

By “amido” herein is meant -RCONH- or RCONR- groups.

By “ethylene glycol” or “(poly)ethylene glycol” herein is meant a -(O-CH,-CH,),- group, although each
carbon atom of the ethylene group may also be singly or doubly substituted, i.e. -(O-CR,-CR,),-, with
R as described above. Ethylene glycol derivatives with other heteroatoms in place of oxygen (i.e. -(N-

CH,-CH,),- or «(S-CH,-CH,),-, or with substitution groups) are also preferred.

Preferred substitution groups include, but are not limited to, methyl, ethyl, propyl, alkoxy groups such
as -0-(CH,),CH; and -O-(CH,),CH;, and ethylene glycol and derivatives thereof.
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Preferred aromatic groups include, but are not limited to, phenyl, naphthyl, naphthalene, anthracene,
phenanthroline, pyrole, pyridine, thiophene, porphyrins, and substituted derivatives of each of these,

included fused ring derivatives.

In the conductive oligomers depicted herein, when g is 1, B-D is a bond linking two atoms or chemical
moieties. In a preferred embodiment, B-D is a conjugated bond, containing overlapping or conjugated

n-orbitals.

Preferred B-D bonds are selected from acetylene (-C=C-, also called alkyne or ethyne), alkene (-
CH=CH-, also called ethylene), substituted alkene (-CR=CR-, -CH=CR- and -CR=CH-), amide (-NH-
CO- and -NR-CO- or -CO-NH- and -CO-NR-), azo (-N=N-), esters and thioesters (-CO-O-, -O-CO-, -
CS-0- and -O-CS-) and other conjugated bonds such as (-CH=N-, -CR=N-, -N=CH- and -N=CR-), (-
SiH=SiH-, -SiR=SiH-, -SiR=SiH-, and -SiR=SiR-), (-SiH=CH-, -SiR=CH-, -SiH=CR-, -SiR=CR-, -
CH=SiH-, -CR=SiH-, -CH=SIiR-, and -CR=SiR-). Particularly preferred B-D bonds are acetylene,
alkene, amide, and substituted derivatives of these three, and azo. Especially preferred B-D bonds
are acetylene, alkene and amide. The oligomer components attached to double bonds may be in the
trans or cis conformation, or mixtures. Thus, either B or D may include carbon, nitrogen or silicon.
The substitution groups are as defined as above for R.

When g=0 in the Structure 1 conductive oligomer, e is preferably 1 and the D moiety may be carbonyl

or a heteroatom moiety as defined above.

As above for the Y rings, within any single conductive oligomer, the B-D bonds (or D moieties, when
g=0) may be all the same, or at least one may be different. For example, when m is zero, the terminal
B-D bond may be an amide bond, and the rest of the B-D bonds may be acetylene bonds. Generally,
when amide bonds are present, as few amide bonds as possible are preferable, but in some
embodiments all the B-D bonds are amide bonds. Thus, as outlined above for the Y rings, one type of
B-D bond may be present in the conductive oligomer within a monolayer as described below, and
another type above the monolayer level, for example to give greater flexibility for analyte - binding

ligand binding, when the capture binding ligand is attached via a conductive oligomer.

In the structures depicted herein, n is an integer from 1 to 50, although longer oligomers may also be
used (see for example Schumm et al., Angew. Chem. Int. Ed. Engl. 1994 33(13):1360). Without
being bound by theory, it appears that for efficient association of binding ligands and targets, the
reaction should occur at a distance from the surface. Thus, for example, for nucleic acid hybridization
of target nucleic acids to capture probes on a surface, the hybridization should occur at a distance

from the surface, i.e. the kinetics of hybridization increase as a function of the distance from the

17



10

15

20

25

30

35

WO 99/57317 PCT/US99/10104

surface, particularly for long oligonucleotides of 200 to 300 basepairs. Accordingly, when a nucleic
acid is attached via a conductive oligomer, as is more fully described below, the length of the
conductive oligomer is such that the closest nucleotide of the nucleic acid is positioned from about 6A
to about 100A (although distances of up to 500A may be used) from the electrode surface, with from
about 154 to about 60A being preferred and from about 25A to about 60A also being preferred.
Accordingly, n will depend on the size of the aromatic group, but generally will be from about 1 to
about 20, with from about 2 to about 15 being preferred and from about 3 to about 10 being especially

preferred.

In the structures depicted herein, mis either 0 or 1. That is, when m is 0, the conductive oligomer may
terminate in the B-D bond or D moiety, i.e. the D atom is attached to the capture binding ligand either
directly or via a linker. In some embodiments, for example when the conductive oligomer is attached
to a phosphate of the ribose-phosphate backbone of a nucleic acid, there may be additional atoms,
such as a linker, attached between the conductive oligomer and the nucleic acid. Additionally, as
outlined below, the D atom may be the nitrogen atom of the amino-modified ribose. Alternatively,
when mis 1, the conductive oligomer may terminate in Y, an aromatic group, i.e. the aromatic group is
attached to the capture binding ligand or linker.

As will be appreciated by those in the art, a large number of possible conductive oligomers may be
utilized. These include conductive oligomers falling within the Structure 1 and Structure 8 formulas, as
well as other conductive oligomers, as are generally known in the art, including for example,
compounds comprising fused aromatic rings or Teflon®-like oligomers, such as -(CF,),-, -(CHF),- and
~(CFR),-. See for example, Schumm et al., Angew. Chem. Intl. Ed. Engl. 33:1361 (1994);Grosshenny
et al., Platinum Metals Rev. 40(1):26-35 (1996); Tour, Chem. Rev. 96:537-553 (1996); Hsung et al.,
Organometallics 14:4808-4815 (1995; and references cited therein, all of which are expressly

incorporated by reference.

Particularly preferred conductive oligomers of this embodiment are depicted below:

Structure 2

%gﬂ%é}

Structure 2 is Structure 1 when g is 1. Preferred embodiments of Structure 2 include: e is zero, Y is
pyrole or substituted pyrole; e is zero, Y is thiophene or substituted thiophene; e is zero, Y is furan or
substituted furan; e is zero, Y is phenyl or substituted phenyl; e is zero, Y is pyridine or substituted
pyridine; e is 1, B-D is acetylene and Y is phenyl or substituted phenyl (see Structure 4 below). A
preferred embodiment of Structure 2 is also when e is one, depicted as Structure 3 below:
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Structure 3

)

Preferred embodiments of Structure 3 are: Y is phenyl or substituted phenyl and B-D is azo; Y is
phenyl or substituted phenyl and B-D is acetylene; Y is phenyl or substituted phenyl and B-D is alkene;
Y is pyridine or substituted pyridine and B-D is acetylene; Y is thiophene or substituted thiophene and
B-D is acetylene; Y is furan or substituted furan and B-D is acetylene; Y is thiophene or furan (or

substituted thiophene or furan) and B-D are alternating alkene and acetylene bonds.

Most of the structures depicted herein utilize a Structure 3 conductive oligomer. However, any
Structure 3 oligomers may be substituted with any of the other structures depicted herein, i.e.
Structure 1 or 8 oligomer, or other conducting oligomer, and the use of such Structure 3 depiction is

not meant to limit the scope of the invention.

Particularly preferred embodiments of Structure 3 include Structures 4, 5, 6 and 7, depicted below:

Structure 4

Particularly preferred embodiments of Structure 4 include: n is two, m is one, and R is hydrogen; n is
three, m is zero, and R is hydrogen; and the use of R groups to increase solubility.

(<N
PatVAN

R L]

When the B-D bond is an amide bond, as in Structure 5, the conductive oligomers are pseudopeptide
oligomers. Although the amide bond in Structure 5 is depicted with the carbonyl! to the left, i.e. -
CONH-, the reverse may also be used, i.e. -NHCO-. Particularly preferred embodiments of Structure
5 include: nis two, mis one, and R is hydrogen; n is three, m is zero, aﬁd R is hydrogen (in this
embodiment, the terminal nitrogen (the D atom) may be the nitrogen of the amino-modified ribose),
and the use of R groups to increase solubility.

Structure 6
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Preferred embodiments of Structure 6 include the first n is two, second n is one, m is zero, and all R

groups are hydrogen, or the use of R groups to increase solubility.

Structure 7

Preferred embodiments of Structure 7 include: the first n is three, the second n is from 1-3, with m

being either 0 or 1, and the use of R groups to increase solubility.

In a preferred embodiment, the conductive oligomer has the structure depicted in Structure 8:
Structure 8

S

In this embodiment, C are carbon atoms, n is an integer from 1 to 50, mis 0 or 1, J is a heteroatom
selected from the group consisting of oxygen, nitrogen, silicon, phosphorus, sulfur, carbonyl or
sulfoxide, and G is a bond selected from alkane, alkene or acetylene, such that together with the two
carbon atoms the C-G-C group is an alkene (-CH=CH-), substituted alkene (-CR=CR-) or mixtures
thereof (-CH=CR- or -CR=CH-), acetylene (-C=C-), or alkane (-CR,-CR,-, with R being either
hydrogen or a substitution group as described herein). The G bond of each subunit may be the same
or different than the G bonds of other subunits; that is, alternating oligomers of alkene and acetylene
bonds could be used, etc. However, when G is an alkane bond, the number of alkane bonds in the
oligomer should be kept to a minimum, with about six or less sigma bonds per conductive oligomer
being preferred. Alkene bonds are preferred, and are generally depicted herein, although alkane and
acetylene bonds may be substituted in any structure or embodiment described herein as will be
appreciated by those in the art.

In some embodiments, for example when ETMs are not present, if m=0 then at least one of the G
bonds is not an alkane bond.

In a preferred embodiment, the m of Structure 8 is zero. In a particularly preferred embodiment, m is
zero and G is an alkene bond, as is depicted in Structure 9:

Structure 9
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The alkene oligomer of structure 9, and others depicted herein, are generally depicted in the preferred
trans configuration, aithough oligomers of cis or mixtures of trans and cis may also be used. As
above, R groups may be added to alter the packing of the compositions on an electrode, the
hydrophilicity or hydrophobicity of the oligomer, and the flexibility, i.e. the rotational, torsional or

longitudinal flexibility of the oligomer. n is as defined above.

In a preferred embodiment, R is hydrogen, although R may be also alkyl groups and polyethylene

glycols or derivatives.

In an alternative embodiment, the conductive oligomer may be a mixture of different types of

oligomers, for example of structures 1 and 8.

In addition, the terminus of at least some of the conductive oligomers in the monolayer are
electronically exposed. By “electronically exposed” herein is meant that upon the placement of an
ETM in close proximity to the terminus, and after initiation with the appropriate signal, a signal
dependent on the presence of the ETM may be detected. The conductive oligomers may or may not
have terminal groups. Thus, in a preferred embodiment, there is no additional terminal group, and the
conductive oligomer terminates with one of the groups depicted in Structures 1 to 9; for example, a B-
D bond such as an acetylene bond. Alternatively, in a preferred embodiment, a terminal group is
added, sometimes depicted herein as “Q". A terminal group may be used for several reasons; for
example, to contribute to the electronic availability of the conductive oligomer for detection of ETMs, or
to alter the surface of the SAM for other reasons, for example to prevent non-specific binding. For
example, there may be negatively charged groups on the terminus to form a negatively charged
surface such that when the target analyte is nucleic acid such as DNA or RNA, the nucleic acid is
repelled or prevented from lying down on the surface, to facilitate hybridization. Preferred terminal
groups include -NH,, -OH, -COOH, and alkyl groups such as -CH,, and (poly)alkyloxides such as
(poly)ethylene glycol, with -OCH,CH,0OH, -(OCH,CH,0),H, -(OCH,CH,0);H, and -(OCH,CH,0).H
being preferred. | ’

In one embodiment, it is possible to use mixtures of conductive oligomers with different types of
terminal groups. Thus, for example, some of the terminal groups may facilitate detection, and some
may prevent non-specific binding.

It will be appreciated that the monolayer may comprise different conductive oligomer species, although
preferably the different species are chosen such that a reasonably uniform SAM can be formed. Thus,
for example, when capture binding ligands are covalently attached to the electrode using conductive

oligomers, it is possible to have one type of conductive oligomer used to attach the capture binding
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ligand, and another type functioning to detect the ETM. Similarly, it may be desirable to have mixtures
of different lengths of conductive oligomers in the monolayer, to help reduce non-specific signals.
Thus, for example, preferred embodiments utilize conductive oligomers that terminate below the
surface of the rest of the monolayer, i.e. below the insulator layer, if used, or below some fraction of
the other conductive oligomers. Similarly, the use of different conductive oligomers may be done to

facilitate monolayer formation, or to make monolayers with altered properties.

In a preferred embodiment, the monolayer may further comprise insulator moieties. By “insulator”
herein is meant a substantially nonconducting oligomer, preferably linear. By “substantially
nonconducting” herein is meant that the insulator will not transfer electrons at 100 Hz. The rate of
electron transfer through the insulator is preferrably slower than the rate through the conductive

oligomers described herein.

In a preferred embodiment, the insulators have a conductivity, S, of about 107 Q'cm™ or lower, with

less than about 10® Q'cm™ being preferred. See generally Gardner et al., supra.

Generally, insulators are alkyl or heteroalkyl oligomers or moieties with sigma bonds, although any
particular insulator molecule may contain aromatic groups or one or more conjugated bonds. By
“heteroalky!” herein is meant an aiky! group that has at least one heteroatom, i.e. nitrogen, oxygen,
sulfur, phosphorus, silicon or boron included in the chain. Alternatively, the insulator may be quite
similar to a conductive oligomer with the addition of one or more heteroatoms or bonds that serve to
inhibit or slow, preferably substantially, electron transfer.

Suitable insulators are known in the art, and include, but are not limited to, -(CH,),-, -(CRH),-, and -
(CR,).-, ethylene glycol or derivatives using other heteroatoms in place of oxygen, i.e. nitrogen or
sulfur (sulfur derivatives are not preferred when the electrode is gold).

As for the conductive oligomers, the insulators may be substituted with R groups as defined herein to
alter the packing of the moieties or conductive oligomers on an electrode, the hydrophilicity or

hydrophobicity of the insulator, and the flexibility, i.e. the rotational, torsional or longitudinal flexibility of
the insulator. For example, branched alkyl groups may be used. Similarly, the insulators may contain

terminal groups, as outlined above, particularly to influence the surface of the monolayer.

The length of the species making up the monolayer will vary as needed. As outlined above, it appears
that binding is more efficient at a distance from the surface. The species to which capture binding
ligands are attached (as outlined below, these can be either insulators or conductive oligomers) may

be basically the same length as the monolayer forming species or longer than them, resulting in the
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nucleic acids being more accessible to the solvent for hybridization. In some embodiments, the
conductive oligomers to which the capture binding ligands are attached may be shorter than the

monolayer.

As will be appreciated by those in the art, the actual combinations and ratios of the different species
making up the monolayer can vary widely. Generally, three component systems are preferred, with
the first species comprising a capture binding ligand containing species (i.e. a capture probe, that can
be attached to the electrode via either an insulator or a conductive oligomer, as is more fully described
below). The second species are the conductive oligomers, and the third species are insulators. In this
embodiment, the first species can comprise from about 90% to about 1%, with from about 20% to
about 40% being preferred. When the capture binding ligands are nucleic acids and the target is
nucleic acid as well, from about 30% to about 40% is especially preferred for short oligonucleotide
targets and from about 10% to about 20% is preferred for longer targets. The second species can
comprise from about 1% to about 90%, with from about 20% to about 90% being preferred, and from
about 40% to about 60% being especially preferred. The third species can comprise from about 1% to
about 90%, with from about 20% to about 40% being preferred, and from about 15% to about 30%
being especially preferred. Preferred ratios of first:second:third species are 2:2:1 for short targets,
1:3:1 for longer targets, with total thiol concentration in the 500 uM to 1 mM range, and 833 uM being
preferred.

In a preferred embodiment, two component systems are used, comprising the first and second
species. In this embodiment, the first species can comprise from about 90% to about 1%, with from
about 1% to about 40% being preferred, and from about 10% to about 40% being especially preferred.
The second species can comprise from about 1% to about 90%, with from about 10% to about 60%

being preferred, and from about 20% to about 40% being especially preferred.

The covalent attachment of the conductive oligomers and insulators may be accomplished in a variety
of ways, depending on the electrode and the composition of the insulators and conductive oligomers
used. In a preferred embodiment, the attachment linkers with covalently attached capture binding
ligands as depicted herein are covalently attached to an electrode. Thus, one end or terminus of the
attachment linker is attached to the capture binding ligand, and the other is attached to an electrode.
In some embodiments it may be desirable to have the attachment linker attached at a position other
than a terminus, or even to have a branched attachment linker that is attached to an electrode at one
terminus and to two or more capture binding ligands at other termini, although this is not preferred.
Similarly, the attachment linker may be attached at two sites to the electrode, as is generally depicted -
in Structures 11-13. Generally, some type of linker is used, as depicted below as “A” in Structure 10,

where “X" is the conductive oligomer, “I" is an insulator and the hatched surface is the electrode:
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Structure 10
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In this embodiment, A is a linker or atom. The choice of “A” will depend in part on the characteristics
of the electrode. Thus, for example, A may be a sulfur moiety when a gold electrode is used.
Alternatively, when metal oxide electrodes are used, A may be a silicon (silane) moiety attached to the
oxygen of the oxide (see for example Chen et al., Langmuir 10:3332-3337 (1994); Lenhard et al., J.
Electroanal. Chem. 78:195-201 (1977), both of which are expressly incorporated by reference). When
carbon based electrodes are used, A may be an amino moiety (preferably a primary amine; see for
example Deinhammer et al., Langmuir 10:1306-1313 (1994)). Thus, preferred A moieties include, but
are not limited to, silane moieties, sulfur moieties (including alky! sulfur moieties), and amino moieties.
In a preferred embodiment, epoxide type linkages with redox polymers such as are known in the art

are not used.

Although depicted herein as a single moiety, the insulators and conductive oligomers may be attached
to the electrode with more than one "A” moiety; the "A” moieties may be the same or different. Thus,
for example, when the electrode is a gold electrode, and “A” is a sulfur atom or moiety, multiple sulfur
atoms may be used to attach the conductive oligomer to the electrode, such as is generally depicted
below in Structures 11, 12 and 13. As will be appreciated by those in the art, other such structures
can be made. In Structures 11, 12 and 13, the A moiety is just a sulfur atom, but substituted sulfur
moieties may also be used.

Structure 11
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Structure 12
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Structure 13

\I\

It should also be noted that similar to Structure 13, it may be possible to have a a conductive oligomer
terminating in a single carbon atom with three sulfur moities attached to the electrode. Additionally,
although not always depicted herein, the conductive oligomers and insulators may also comprise a "Q"

terminal group.

In a preferred embodiment, the electrode is a gold electrode, and attachment is via a sulfur linkage as
is well known in the art, i.e. the A moiety is a sulfur atom or moiety. Although the exact characteristics
of the gold-sulfur attachment are not known, this linkage is considered covalent for the purposes of
this invention. A representative structure is depicted in Structure 14, using the Structure 3 conductive
oligomer, although as for all the structures depicted herein, any of the conductive oligomers, or
combinations of conductive oligomers, may be used. Similarly, any of the conductive oligomers or
insulators may also comprise terminal groups as described herein. Structure 14 depicts the “A” linker
as comprising just a sulfur atom, although additional atoms may be present (i.e. linkers from the sulfur
to the conductive oligomer or substitution groups).

Structure 14

s—év—a——oﬁv}m—

In a preferred embodiment, the electrode is a carbon electrode, i.e. a glassy carbon electrode, and
attachment is via a nitrogen of an amine group. A representative structure is depicted in Structure 15.
Again, additional atoms may be present, i.e. Z type linkers and/or terminal groups.

Structure 15

e
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Structure 16
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In Structure 16, the oxygen atom is from the oxide of the metal oxide electrode. The Si atom may also

contain other atoms, i.e. be a silicon moiety containing substitution groups.

In a preferred embodiment, the electrode comprising the monolayer including conductive oligomers
further comprises a capture binding ligand. By “capture binding ligand” or “capture binding species” or
“capture probe” herein is meant a compound that is used to probe for the presence of the target
analyte, that will bind to the target analyte. Generally, the capture binding ligand allows the attachment
of a target analyteto the electrode, for the purposes of detection. As is more fully outlined below,
attachment of the target analyte to the capture probe may be direct (i.e. the target analyte binds to the
capture binding ligand) or indirect (one or more capture extender ligands are used). By “covalently
attached” herein is meant that two moieties are attached by at least one bond, including sigma bonds,
pi bonds and coordination bonds.

In a preferred embodiment, the binding is specific, and the binding ligand is part of a binding pair. By
“specifically bind” herein is meant that the ligand binds the analyte, with specificity sufficient to
differentiate between the analyte and other components or contaminants of the test sample. However,
as will be appreciated by those in the art, it will be possible to detect analytes using binding which is
not highly specific; for example, the systems may use different binding ligands, 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. 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.

As will be appreciated by those in the art, the composition of the binding ligand will depend on the
composition of the target analyte. Binding ligands to a wide variety of analytes are known or can be
readily found using known techniques. For example, 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
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acid; alternatively, the binding ligand may be a nucleic acid-binding protein when the analyte is a
single or double-stranded nucleic acid. When the analyte is a protein, the binding ligands include
proteins or small molecules. Preferred binding ligand proteins include peptides. For example, when
the analyte is an enzyme, suitable binding ligands include substrates and inhibitors. As will be
appreciated by those in the art, any two molecules that will associate may be used, either as an
analyte or as the binding ligand. Suitable analyte/binding ligand 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. In a preferred embodiment, the binding ligands 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), transferrin
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, IL-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.

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. Preferred functional
groups for attachment are amino groups, carboxy groups, oxo groups and thiol groups. These
functional groups can then be attached, either directly or through the use of a linker, sometimes
depicted herein as “Z". 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 Z 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. Z may also be a sulfone group, forming sulfonamide.

In this way, capture binding ligands comprising proteins, lectins, nucleic acids, small organic
molecules, carbohydrates, etc. can be added.

In a preferred embodiment, the capture binding ligand is attached directly to the electrode as outlined -
herein, for example via an attachment linker. Alternatively, the capture binding ligand may utilize a

capture extender component, such as depicted in Figure 2C. In this embodiment, the capture binding
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ligand comprises a first portion that will bind the target analyte and a second portion that can be used
for attachment to the surface. Figure 2C depicts the use of a nucleic acid component for binding to the

surface, although this can be other binding partners as well.

A preferred embodiment utilizes proteinaceous capture binding ligands. As is known in the art, any
number of techniques may be used to attach a proteinaceous capture binding ligand. "Protein” in this
context includes proteins, polypeptides and peptides. 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 electrodes is known; see also
Heller, Acc. Chem. Res. 23:128 (1990), and related work.

A preferred 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; see 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. In this
embodiment, the nucleic acid capture binding ligand is covalently attached to the electrode, via an
“attachment linker", that can be either a conductive oligomer or via an insulator. Thus, one end of the
attachment linker is attached to a nucleic acid, and the other end (although as will be appreciated by
those in the art, it need not be the exact terminus for either) is attached to the electrode. Thus, any of
structures 1-16 may further comprise a nucleic acid effectively as a terminal group. Thus, the present
invention provides compositions comprising binding ligands covalently attached to electrodes as is
generally depicted below in Structure 17 for a nucleic acid:

Structure 17

Fy=——(Xorl)

F,——nucleic acid

In Structure 17, the hatched marks on the left represent an electrode. X is a conductive oligomer and |
is an insulator as defined herein. F, is a linkage that allows the covalent attachment of the electrode
and the conductive oligomer or insulator, including bonds, atoms or linkers such as is described
herein, for example as “A”, defined below. F, is a linkage that allows the covalent attachment of the
conductive oligomer or insulator to the binding ligand, a nucleic acid in Structure 17, and may be a
bond, an atom or a linkage as is herein described. F, may be part of the conductive oligomer, part of

the insulator, part of the binding ligand, or exogeneous to both, for example, as defined herein for “Z". .
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In general, the methods, synthetic schemes and compositions useful for the attachment of capture
binding ligands, particularly nucleic acids, are outlined in WO98/20162, PCT US98/12430, PCT
US98/12082; PCT US99/01705 and PCT US99/01703, all of which are expressly incorporated herein

by reference in their entirety.

In a preferred embodiment, the capture binding ligand is covalently attached to the electrode via a
conductive oligomer. The covalent attachment of the binding ligand and the conductive oligomer may

be accomplished in several ways, as will be appreciated by those in the art.

Iin a preferred embodiment, the capture binding ligand is a nucleic acid, and the attachment is via
attachment to the base of the nucleoside, via attachment to the backbone of the nucleic acid (either
the ribose, the phosphate, or to an analogous group of a nucleic acid analog backbone), or via a

transition metal ligand, as described below. The techniques outlined below are generally described for

‘naturally occuring nucleic acids, although as will be appreciated by those in the art, similar techniques

may be used with nucleic acid analogs.

In a preferred embodiment, the conductive oligomer is attached to the base of a nucleoside of the
nucleic acid. This may be done in several ways, depending on the oligomer, as is described below. In
one embodiment, the oligomer is attached to a terminal nucleoside, i.e. either the 3' or 5' nucleoside of

the nucleic acid. Alternatively, the conductive oligomer is attached to an internal nucleoside.

The point of attachment to the base will vary with the base. Generally, attachment at any position is
possible. In some embodiments, for example when the probe containing the ETMs may be used for
hybridization, it is preferred to attach at positions not involved in hydrogen bonding to the
complementary base. Thus, for example, generally attachment is to the 5 or 6 position of pyrimidines
such as uridine, cytosine and thymine. For purines such as adenine and guanine, the linkage is
preferably via the 8 position. Attachment to non-standard bases is preferably done at the comparable

positions.

In one embodiment, the attachment is direct; that is, there are no intervening atoms between the
conductive oligomer and the base. In this embodiment, for example, conductive oligomers with
terminal acetylene bonds are attached directly to the base. Structure 18 is an example of this linkage,
using a Structure 3 conductivé oligomer and uridine as the base, although other bases and conductive

oligomers can be used as will be appreciated by those in the art:
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Structure 18

g

It should be noted that the pentose structures depicted herein may have hydrogen, hydroxy,
phosphates or other groups such as amino groups attached. in addition, the pentose and nucleoside
structures depicted herein are depicted non-conventionally, as mirror images of the normal rendering.
In addition, the pentose and nucleoside structures may also contain additional groups, such as

protecting groups, at any position, for example as needed during synthesis.

In addition, the base may contain additional modifications as needed, i.e. the carbonyl or amine groups

may be altered or protected.

In an alternative embodiment, the attachment is any number of different Z linkers, including amide and
amine linkages, as is generally depicted in Structure 19 using uridine as the base and a Structure 3
oligomer:

Structure 19:

At SN
1L

In this embodiment, Z is a linker. Preferably, Z is a short linker of about 1 to about 10 atoms, with from
1 to 5 atoms being preferred, that may or may not contain alkene, alkynyl, amine, amide, azo, imine,
etc., bonds. 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 Z 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,
with propyl, acetylene, and C, alkene being especially preferred. Z may also be a sulfone group,
forming sulfonamide linkages as discussed below.
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In a preferred embodiment, the attachment of the nucleic acid and the conductive oligomer is done via
attachment to the backbone of the nucleic acid. This may be done in a number of ways, including
attachment to a ribose of the ribose-phosphate backbone, or to the phosphate of the backbone, or

other groups of analogous backbones.

As a preliminary matter, it should be understood that the site of attachment in this embodiment may be

to a 3' or 5' terminal nucleotide, or to an internal nucleotide, as is more fully described below.

In a preferred embodiment, the conductive oligomer is attached to the ribose of the ribose-phosphate
backbone. This may be done in several ways. As is known in the art, nucleosides that are modified at
either the 2' or 3' position of the ribose with amino groups, sulfur groups, silicone groups, phosphorus
groups, or oxo groups can be made (Imazawa et al., J. Org. Chem., 44:2039 (1979); Hobbs et al., J.
Org. Chem. 42(4):714 (1977), Verheyden et al., J. Orrg. Chem. 36(2):250 (1971); McGee et al., J.

Org. Chem. 61:781-785 (1996), Mikhailopulo et al., Liebigs. Ann. Chem. 513-519 (1993); McGee et al.,
Nucleosides & Nucleotides 14(6):1329 (1995), all of which are incorporated by reference). These

modified nucleosides are then used to add the conductive oligomers.

A preferred embodiment utilizes amino-modified nucleosides. These amino-modified riboses can then
be used to form either amide or amine linkages to the conductive oligomers. In a preferred
embodiment, the amino group is attached directly to the ribose, although as will be appreciated by
those in the art, short linkers such as those described herein for “Z” may be present between the

amino group and the ribose.

In a preferred embodiment, an amide linkage is used for attachment to the ribose. Preferably, if the
conductive oligomer of Structures 1-3 is used, m is zero and thus the conductive oligomer terminates
in the amide bond. In this embodiment, the nitrogen of the amino group of the amino-modified ribose
is the “D” atom of the conductive oligomer. Thus, a preferred attachment of this embodiment is
depicted in Structure 20 (using the Structure 3 conductive oligomer):

Structure 20

(@) \(v
{ a I 0
Y—B— Y—C——N—
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As will be appreciated by those in the art, Structure 20 has the terminal bond fixed as an amide bond.

In a preferred embodiment, a heteroatom linkage is used, i.e. oxo, amine, sulfur, etc. A preferred

embodiment utilizes an amine linkage. Again, as outlined above for the amide linkages, for amine
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linkages, the nitrogen of the amino-modified ribose may be the “D” atom of the conductive oligomer
when the Structure 3 conductive oligomer is used. Thus, for example, Structures 21 and 22 depict
nucleosides with the Structures 3 and 9 conductive oligomers, respectively, using the nitrogen as the
heteroatom, athough other heteroatoms can be used:

Structure 21

eyt L

In Structure 21, preferably both m and t are not zero. A preferred Z here is a methylene group, or
other aliphatic alkyl linkers. One, two or three carbons in this position are particularly useful for
synthetic reasons.

Structure 22

’Q\I%Yﬁ{z)ﬁ vﬁw

In Structure 22, Z is as defined above. Suitable linkers include methylene and ethylene.

In an alternative embodiment, the conductive oligomer is covalently attached to the nucleic acid via the
phosphate of the ribose-phosphate backbone (or analog) of a nucleic acid. In this embodiment, the
attachment is direct, utilizes a linker or via an amide bond. Structure 23 depicts a direct linkage, and
Structure 24 depicts linkage via an amide bond (both utilize the Structure 3 conductive oligomer,
although Structure 8 conductive oligomers are also possible). Structures 23 and 24 depict the
conductive oligomer in the 3' position, although the 5' position is also possible. Furthermore, both
Structures 23 and 24 depict naturally occurring phosphodiester bonds, although as those in the art will
appreciate, non-standard analogs of phosphodiester bonds may also be used.

Structure 23

base

=—O0or$S

O
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In Structure 23, if the terminal Y is present (i.e. m=1), then preferably Z is not present (i.e. t=0). If the
terminal Y is not present, then Z is preferably present.
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Structure 24 depicts a preferred embodiment, wherein the terminal B-D bond is an amide bond, the
terminal Y is not present, and Z is a linker, as defined herein.
Structure 24

base

o=—o
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In a preferred embodiment, the conductive oligomer is covalently attached to the nucleic acid via a
transition metal ligand. In this embodiment, the conductive oligomer is covalently attached to a ligand
which provides one or more of the coordination atoms for a transition metal. In one embodiment, the
ligand to which the conductive oligomer is attached also has the nucleic acid attached, as is generally
depicted below in Structure 25. Alternatively, the conductive oligomer is attached to one ligand, and
the nucleic acid is attached to another ligand, as is generally depicted below in Structure 26. Thus, in
the presence of the transition metal, the conductive oligomer is covalently attached to the nucleic acid.
Both of these structures depict Structure 3 conductive oligomers, although other oligomers may be
utilized. Structures 25 and 26 depict two representative structures for nucleic acids; as will be
appreciated by those in the art, it is possible to connect other types of capture binding ligands, for
example proteinaceous binding ligands, in a similar manner:

Structure 25

nucleic acid
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Structure 26
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In the structures depicted herein, M is a metal atom, with transition metals being preferred. Suitable
transition metals for use in the invention include, but are not limited to, cadmium (Cd), copper (Cu),
cobalt (Co), palladium (Pd), zinc (Zn), iron (Fe)., ruthenium (Ru), rhodium (Rh), osmium (Os), rhenium
(Re), platinium (Pt), scandium (Sc), titanium (Ti), Vanadium (V), chromium (Cr), manganese (Mn),
nickel (Ni), Molybdenum (Mo), technetium (Tc), tungsten (W), and iridium (Ir). That is, the first series -
of transition metals, the platinum metals (Ru, Rh, Pd, Os, Ir and Pt), along with Fe, Re, W, Mo and Tc,

are preferred. Particularly preferred are ruthenium, rhenium, osmium, platinium, cobalt and iron.
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L are the co-ligands, that provide the coordination atoms for the binding of the metal ion. As will be
appreciated by those in the art, the number and nature of the co-ligands will depend on the
coordination number of the metal ion. Mono-, di- or polydentate co-ligands may be used at any
position. Thus, for example, when the metal has a coordination number of six, the L from the terminus
of the conductive oligomer, the L contributed from the nucleic acid, and r, add up to six. Thus, when
the metal has a coordination number of six, r may range from zero (when all coordination atoms are
provided by the other two ligands) to four, when all the co-ligands are monodentate. Thus generally, r
will be from 0 to 8, depending on the coordination number of the metal ion and the choice of the other

ligands.

In one embodiment, the metal ion has a coordination number of six and both the ligand attached to the
conductive oligomer and the ligand attached to the nucleic acid are at least bidentate; that is, r is
preferably zero, one (i.e. the remaining co-ligand is bidentate) or two (two monodentate co-ligands are

used).

As will be appreciated in the art, the co-ligands can be the same or different. Suitable ligands fall into
two categories: ligands which use nitrogen, oxygen, sulfur, carbon or phosphorus atoms (depending
on the metal ion) as the coordination atoms (generally referred to in the literature as sigma (o) donors)
and organometallic ligands such as metallocene ligands (generally referred to in the literature as pi (1)
donors, and depicted herein as L,,). Suitable nitrogen donating ligands are well known in the art and
include, but are not limited to, NH,; NHR; NRR’; pyridine; pyrazine; isonicotinamide; imidazole;
bipyridine and substituted derivatives of bipyridine; terpyridine and substituted derivatives;
phenanthrolines, particularly 1,10-phenanthroline (abbreviated phen) and substituted derivatives of
phenanthrolines such as 4,7-dimethylphenanthroline and dipyridol[3,2-a:2',3'-c]phenazine (abbreviated
dppz); dipyridophenazine; 1,4,5,8,9,12-hexaazatriphenylene (abbreviated hat); 9,10-
phenanthrenequinone diimine (abbreviated phi); 1,4,5,8-tetraazaphenanthrene (abbreviated tap);
1,4,8,11-tetra-azacyclotetradecane (abbreviated cyclam), EDTA, EGTA and isocyanide. Substituted
derivatives, including fused derivatives, may also be used. In some embodiments, porphyrins and
substituted derivatives of the porphyrin family may be used. See for example, Comprehensive
Coordination Chemistry, Ed. Wilkinson et al., Pergammon Press, 1987, Chapters 13.2 (pp73-98), 21.1
(pp. 813-898) and 21.3 (pp 915-957), all of which are hereby expressly incorporated by reference.

Suitable sigma donating ligands using carbon, oxygen, sulfur and phosphorus are known in the art.
For example, suitable sigma carbon donors are found in Cotton and Wilkenson, Advanced Organic
Chemistry, 5th Edition, John Wiley & Sons, 1988, hereby incorporated by reference; see page 38, for -
example. Similarly, suitable oxygen ligands include crown ethers, water and others known in the art.

Phosphines and substituted phosphines are also suitable; see page 38 of Cotton and Wilkenson.
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The oxygen, sulfur, phosphorus and nitrogen-donating ligands are attached in such a manner as to

allow the heteroatoms to serve as coordination atoms.

In a preferred embodiment, organometallic ligands are used. In addition to purely organic compounds
for use as redox moieties, and various transition metal coordination complexes with 5-bonded organic
ligand with donor atoms as heterocyclic or exocyclic substituents, there is available a wide variety of
transition metal organometallic compounds with ni-bonded organic ligands (see Advanced inorganic
Chemistry, 5th Ed., Cotton & Wilkinson, John Wiley & Sons, 1988, chapter 26; Organometallics, A
Concise Introduction, Elschenbroich et al., 2nd Ed., 1992, VCH; and Comprehensive Organometallic
Chemistry Il, A Review of the Literature 1982-1994, Abel etal. Ed., Vol. 7, chapters 7, 8, 10 & 11,
Pergamon Press, hereby expressly incorporated by reference). Such organometallic ligands include
cyclic aromatic compounds such as the cyclopentadienide ion [CsHs(-1)] and various ring substituted
and ring fused derivatives, such as the indenylide (-1) ion, that yield a class of bis(cyclopentadiey!)
metal compounds, (i.e. the metallocenes); see for example Robins et al., J. Am. Chem. Soc.
104:1882-1893 (1982); and Gassman et al.,, J. Am. Chem. Soc. 108:4228-4229 (1986),
incorporated by reference. Of these, ferrocene [(CsH;),Fe] and its derivatives are prototypical
examples which have been used in a wide variety of chemical (Connelly et al., Chem. Rev. 96:877-
910 (1996), incorporated by reference) and electrochemical (Geiger et al., Advances in Organometallic
Chemistry 23:1-93; and Geiger et al., Advances in Organometallic Chemistry 24:87, incorporated by
reference) electron transfer or “redox” reactions. Metallocene derivatives of a variety of the first,
second and third row transition metals are potential candidates as redox moieties that are covalently
attached to either the ribose ring or the nucleoside base of nucleic acid. Other potentially suitable
organometallic ligands include cyclic arenes such as benzene, to yield bis(arene)metal compounds
and their ring substituted and ring fused derivatives, of which bis(benzene)chromium is a prototypical
example, Other acyclic n-bonded ligands such as the allyl(-1) ion, or butadiene yield potentially
suitable organometallic compounds, and all such ligands, in conjuction with other i-bonded and &-
bonded ligands constitute the general class of organometallic compounds in which there is 2 metal to
carbon bond. Electrochemical studies of various dimers and oligomers of such compounds with
bridging organic ligands, and additional non-bridging ligands, as well as with and without metal-metal
bonds are potential candidate redox moieties in nucleic acid analysis.

When one or more of the co-ligands is an organometallic ligand, the ligand is generally attached via
one of the carbon atoms of the organometallic ligand, although attachment may be via other atoms for
heterocyclic ligands. Preferred organometallic ligands include metallocene ligands, including
substituted derivatives and the metalloceneophanes (see page 1174 of Cotton and Wilkenson, supra):
For example, derivatives of metallocene ligands such as methylcyclopentadienyl, with multiple methyl

groups being preferred, such as pentamethylcyclopentadieny!, can be used to increase the stability of
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the metallocene. In a preferred embodiment, only one of the two metallocene ligands of a metallocene

are derivatized.

As described herein, any combination of ligands may be used. Preferred combinations include: a) all
ligands are nitrogen donating ligands; b) all ligands are organometallic ligands; and c) the ligand at the
terminus of the conductive oligomer is a metallocene ligand and the ligand provided by the nucleic acid
is a nitrogen donating ligand, with the other ligands, if needed, are either nitrogen donating ligands or
metallocene ligands, or a mixture. These combinations are depicted in representative structures using
the conductive oligomer of Structure 3 are depicted in Structures 27 (using phenanthroline and amino

as representative ligands), 28 (using ferrocene as the metal-ligand combination) and 29 (using

cyclopentadienyl and amino as representative ligands).
Structure 27

In a preferred embodiment, the ligands used in the invention show altered fluoroscent properties
depending on the redox state of the chelated metal ion. As described below, this thus serves as an

additional mode of detection of electron transfer between the ETM and the electrode.

In a preferred embodiment, as is described more fully below, the ligand attached to the nucleic acid is
an amino group attached to the 2' or 3' position of a ribose of the ribose-phosphate backbone. This
ligand may contain a multiplicity of amino groups so as to form a polydentate ligand which binds the

metal ion. Other preferred ligands include cyclopentadiene and phenanthroline.

36



10

15

20

25

30

35

WO 99/57317 PCT/US99/10104

The use of metal ions to connect the binding ligands such as nucleic acids can serve as an internal
control or calibration of the system, to evaluate the number of available binding ligands on the surface.
However, as will be appreciated by those in the art, if metal ions are used to connect the binding
ligands such as nucleic acids to the conductive oligomers, it is generally desirable to have this metal
ion complex have a different redox potential than that of the ETMs used in the rest of the system, as
described below. This is generally true so as to be able to distinguish the presence of the capture
probe from the presence of the target analyte. This may be useful for identification, calibration and/or
quantification. Thus, the amount of capture probe on an electrode may be compared to the amount of
target analyte to quantify the amount of target sequence in a sample. This is quite significant to serve
as an internal control of the sensor or system. This allows a measurement either prior to the addition

of target or after, on the same molecules that will be used for detection, rather than rely on a similar

but different control system. Thus, the actual molecules that will be used for the detection can be

quantified prior to any experiment. This is a significant advantage over prior methods.

In a preferred embodiment, the capture binding ligands are covalently attached to the electrode via an
insulator. The attachment of a variety of binding ligands such as proteins and nucleic acids to
insulators such as alky! groups is well known, and can be done to the nucleic acid bases or the
backbone, including the ribose or phosphate for backbones containing these moieties, or to alternate

backbones for nucleic acid analogs, or to the side chains or backbone of the amino acids.

In a preferred embodiment, there may be one or more different capture binding ligand species

(sometimes referred to herein as “anchor ligands”, “anchor probes” or “capture probes” with the
phrase “probe” generally referring to nucleic acid species) on the surface, as is generally depicted in
the Figures. In some embodiments, there may be one type of capture binding ligand, or one type of
capture binding ligand extender, as is more fully described below. Alternatively, different capture
binding ligands, or one capture binding ligand with a muiltiplicity of different capture extender binding
ligands can be used. Similarly, when nucleic acid systems are used, it may be desirable to use
auxillary capture probes that comprise relatively short probe sequences, that can be used to “tack
down” components of the system, for example the recruitment linkers, to increase the concentration of

ETMs at the surface.

Thus the present invention provides electrodes comprising monolayers comprising conductive
oligomers and capture binding ligands, useful in target analyte detection systems.

In a preferred embodiment, the compositions further comprise a solution binding ligand. Solution
binding ligands are similar to capture binding ligands, in that they bind to target analytes. The solution
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binding ligand may be the same or different from the capture binding ligand. Generally, the solution
binding ligands are not directly attached to the surface, although as depicted in Figure 5A they may be.
The solution binding ligand either directly comprises a recruitment linker that comprises at least one
ETM, or the recruitment linker is part of a label probe that will bind to the solution binding ligand.

Thus, “recruitment linkers” or “signal carriers” with covalently attached ETMs are provided. The terms
"electron donor moiety", "electron acceptor moiety", and "ETMs" (ETMs) or grammatical equivalents
herein refers to molecules capable of electron transfer under certain conditions. It is to be understood
that electron donor and acceptor capabilities are relative; that is, a molecule which can lose an
electron under certain experimental conditions will be able to accept an electron under different
experimental conditions. It is to be understood that the number of possible electron donor moieties
and electron acceptor moieties is very large, and that one skilled in the art of electron transfer
compounds will be able to utilize a number of compounds in the present invention. Preferred ETMs

include, but are not limited to, transition metal complexes, organic ETMs, and electrodes.

In a preferred embodiment, the ETMs are transition metal complexes. Transition metals are those
whose atoms have a partial or complete d shell of electrons. Suitable transition metals for use in the

invention are listed above.

The transition metals are complexed with a variety of ligands, L, defined above, to form suitable

transition metal complexes, as is well known in the art.

In addition to transition metal complexes, other organic electron donors and acceptors may be
covalently attached to the nucleic acid for use in the invention. These organic molecules include, but
are not limited to, riboflavin, xanthene dyes, azine dyes, acridine orange, N,N'-dimethyl-2,7-
diazapyrenium dichloride (DAP?*), methylviologen, ethidium bromide, quinones such as N,N'-
dimethylanthra(2,1,9-def.6,5,10-d'e’f)diisoquinoline dichloride (ADIQ?*); porphyrins ([meso-tetrakis(N-
methyl-x-pyridinium)porphyrin tetrachloride], varlamine blue B hydrochloride, Bindschedler's green;

2,6-dichloroindophenol, 2,6-dibromophenolindophenol; Brilliant crest blue (3-amino-9-dimethyl-amino-

- 10-methylphenoxyazine chloride), methylene blue; Nile blue A (aminoaphthodiethylaminophenoxazine

sulfate), indigo-5,5',7,7'-tetrasulfonic acid, indigo-5,5', 7-trisulfonic acid; phenosafranine, indigo-5-
monosulfonic acid; safranine T, bis(dimethylglyoximato)-iron(ll) chloride; induline scarlet, neutral red,
anthracene, coronene, pyrene, 9-phenylanthracene, rubrene, binaphthyl, DPA, phenothiazene,
fluoranthene, phenanthrene, chrysene, 1,8-diphenyl-1,3,5,7-octatetracene, naphthalene,

acenaphthalene, perylene, TMPD and analogs and subsitituted derivatives of these compounds.
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In one embodiment, the electron donors and acceptors are redox proteins as are known in the art.

However, redox proteins in many embodiments are not preferred.

The choice of the specific ETMs will be influenced by the type of electron transfer detection used, as is
generally outlined below. Preferred ETMs are metallocenes, with ferrocene being particularly

preferred.

In a preferred embodiment, a plurality of ETMs are used. As is shown in the examples, the use of
multiple ETMs provides signal amplification and thus allows more sensitive detection limits.
Accordingly, pluralities of ETMs are preferred, with at least about 2 ETMs per recruitment linker being
preferred, and at least about 10 being particularly preferred, and at least about 20 to 50 being

especially preferred. In some instances, very large numbers of ETMs (100 to 1000) can be used.

As will be appreciated by those in the art, the portion of the label probe (or target, in some
embodiments) that comprises the ETMs (termed herein a “recruitment linker” or “signal carrier”) can
be nucleic acid, or it can be a non-nucleic acid linker that links the solution binding ligand to the ETMs.
Thus, as will be appreciated by those in the art, there are a variety of configurations that can be used.
In a preferred embodiment, the recruitment linker is nucleic acid (including analogs), and attachment of
the ETMs can be via (1) a base; (2) the backbone, including the ribose, the phosphate, or comparable
structures in nucleic acid analogs; (3) nucleoside replacement, described below; or (4) metallocene
polymers, as described below. In a preferred embodiment, the recruitment linker is non-nucleic acid,
and can be either a metallocene polymer or an alkyl-type polymer (including heteroalkyl, as is more
fully described below) containing ETM substitution groups. These options are generally depicted in
Figure 44.

In a preferred embodiment, the recruitment linker is a nucleic acid, and comprises covalently attached
ETMs. The ETMs may be attached to nucleosides within the nucleic acid in a variety of positions.
Preferred embodiments include, but are not limited to, (1) attachment to the base of the nucleoside, (2)
attachment of the ETM as a base replacement, (3) attachment to the backbone of the nucleic acid,
including either to a ribose of the ribose-phosphate backbone or to a phosphate moiety, or to
analogous structures in nucleic acid analogs, and (4) attachment via metallocene polymers, with the
latter being preferred.

In addition, as is described below, when the recruitment linker is nucleic acid, it may be desirable to

use secondary label probes, that have a first portion that will hybridize to a portion of the primary label-

probes and a second portion comprising a recruitment linker as is defined herein. This is generally
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depicted in Figure 39Q and 39R; this is similar to the use of an ampilifier probe, except that both the
primary and the secondary label probes comprise ETMs.

In a preferred embodiment, the ETM is attached to the base of a nucleoside as is generally outlined
above for attachment of the conductive oligomer. Attachment can be to an internal nucleoside or a

terminal nucleoside.

The covalent attachment to the base will depend in part on the ETM chosen, but in general is similar to
the attachment of conductive oligomers to bases, as outlined above. Attachment may generally be
done to any position of the base. In a preferred embodiment, the ETM is a transition metal complex,
and thus attachment of a suitable metal ligand to the base leads to the covalent attachment of the
ETM. Alternatively, similar types of linkages may be used for the attachment of organic ETMs, as will
be appreciated by those in the art.

in one embodiment, the C4 attached amino group of cytosine, the C6 attached amino group of

adenine, or the C2 attached amino group of guanine may be used as a transition metal ligand.

Ligands containing aromatic groups can be attached via acetylene linkages as is known in the art (see
Comprehensive Organic Synthesis, Trost et al., Ed., Pergamon Press, Chapter 2.4: Coupling
Reactions Between sp® and sp Carbon Centers, Sonogashira, pp521-549, and pp950-953, hereby
incorporated by reference). Structure 30 depicts a representative structure in the presence of the
metal ion and any other necessary ligands; Structure 30 depicts uridine, although as for all the
structures herein, any other base may also be used.

Structure 30

z
AN
=
-

L, is a ligand, which may include nitrogen, oxygen, sulfur or phosphorus donating ligands or
organometallic ligands such as metallocene ligands. Suitable L, ligands include, but not limited to,
phenanthroline, imidazole, bpy and terpy. L, and M are as defined above. Again, if will be appreciated
by those in the art, a linker (“Z") may be included between the nucleoside and the ETM.
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Similarly, as for the conductive oligomers, the linkage may be done using a linker, which may utilize an
amide linkage (see generally Telser etal., J. Am. Chem. Soc. 111:7221-7226 (1989); Telser et al., J.
Am. Chem. Soc. 111:7226-7232 (1989), both of which are expressly incorporated by reference).
These structures are generally depicted below in Structure 31, which again uses uridine as the base,
although as above, the other bases may also be used:

Structure 31

In this embodiment, L is a ligand as defined above, with L, and M as defined above as well.

Preferably, L is amino, phen, byp and terpy.

In a preferred embodiment, the ETM attached to a nucleoside is a metallocene; i.e. the L and L, of
Structure 31 are both metallocene ligands, L, as described above. Structure 32 depicts a preferred
embodiment wherein the metallocene is ferrocene, and the base is uridine, although other bases may
be used:

Structure 32

HN

Preliminary data suggest that Structure 32 may cyclize, with the second acetylene carbon atom
attacking the carbonyl oxygen, forming a furan-like structure. Preferred metallocenes include
ferrocene, cobaltocene and osmiumocene.

In a preferred embodiment, the ETM is attached to a ribose at any position of the ribose-phosphate
backbone of the nucleic acid, i.e. either the 5’ or 3' terminus or any internal nucleoside. Ribose in this
case can include ribose analogs. As is known in the art, nucleosides that are modified at either the 2'.
or 3' position of the ribose can be made, with nitrogen, oxygen, sulfur and phosphorus-containing

modifications possible. Amino-modified and oxygen-modified ribose is preferred. See generally PCT
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publication WO 95/15971, incorporated herein by reference. These modification groups may be used
as a transition metal ligand, or as a chemically functional moiety for attachment of other transition
metal ligands and organometallic ligands, or organic electron donor moieties as will be appreciated by
those in the art. In this embodiment, a linker such as depicted herein for “Z" may be used as well, or a
conductive oligomer between the ribose and the ETM. Preferred embodiments utilize attachment at
the 2' or 3' position of the ribose, with the 2' position being preferred. Thus for example, the
conductive oligomers depicted in Structure 13, 14 and 15 may be replaced by ETMs; alternatively, the

ETMs may be added to the free terminus of the conductive oligomer.

In a preferred embodiment, a metallocene serves as the ETM, and is attached via an amide bond as
depicted below in Structure 33. The examples outline the synthesis of a preferred compound when
the metallocene is ferrocene.

Structure 33

base
O,

NH

-

Lo

W
J““E=

In a preferred embodiment, amine linkages are used, as is generally depicted in Structure 34.
Structure 34

BASE
(o}

NH
@,

ET™M

Zis alinker, as defined herein, with 1-16 atoms being preferred, and 2-4 atoms being particularly

preferred, and t is either one or zero.

In a preferred embodiment, oxo linkages are used, as is generally depicted in Structure 35.
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Structure 35

BASE

2),

ETM

In Structure 35, Z is a linker, as defined herein, and t is either one or zero. Preferred Z linkers include
alky! groups including heteroalky! groups such as (CH,)n and (CH,CH,O)n, with n from 1 to 10 being

preferred, and n = 1 to 4 being especially preferred, and n=4 being particularly preferred.
Linkages utilizing other heteroatoms are also possible.

In a preferred embodiment, an ETM is attached to a phosphate at any position of the ribose-phosphate
backbone of the nucleic acid. This may be done in a variety of ways. In one embodiment,
phosphodiester bond analogs such as phosphoramide or phosphoramidite linkages may be
incorporated into a nucleic acid, where the heteroatom (i.e. nitrogen) serves as a transition metal
ligand (see PCT publication WO 95/15971, incorporated by reference). Alternatively, the conductive
oligomers depicted in Structures 23 and 24 may be replaced by ETMs. In a preferred embodiment,
the composition has the structure shown in Structure 36.

Structure 36

BASE
(¢]

—0—(@)y—EM™

[ ——

wwWASO =T —0

In Structure 361, the ETM is attached via a phosphate linkage, generally through the use of a linker, Z.
Preferred Z linkers include alkyl groups, including heteroalky! groups such as (CH,),, (CH,CH,0),, with
n from 1 to 10 being preferred, and n = 1 to 4 being especially preferred, and n=4 being particularly
preferred.

When the ETM is attached to the base or the backbone.of the nucleoside, it is possible to attach the
ETMs via "dendrimer” structures, as is more fully outlined below. As is generally depicted in Figure
37, alkyl-based linkers can be used to create multiple branching structures comprising one or more

ETMs at the terminus of each branch. Generally, this is done by creating branch points containing
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muitiple hydroxy groups, which optionally can then be used to add additional branch points. The
terminal hydroxy groups can then be used in phosphoramidite reactions to add ETMs, as is generally
done below for the nucleoside replacement and metallocene polymer reactions.

In-a preferred embodiment, an ETM such as a metallocene is used as a “nucleoside replacement”,
serving as an ETM. For example, the distance between the two cyclopentadiene rings of ferrocene is
similar to the orthongonal distance between two bases in a double stranded nucleic acid. Other
metallocenes in addition to ferrocene may be used, for example, air stable metallocenes such as those
containing cobalt or ruthenium. Thus, metallocene moieties may be incorporated into the backbone of
a nucleic acid, as is generally depicted in Structure 37 (nucleic acid with a ribose-phosphate
backbone) and Structure 38 (peptide nucleic acid backbone). Structures 37 and 38 depict ferrocene,
although as will be appreciated by those in the art, other metallocenes may be used as well. In
general, air stable metallocenes are preferred, including metallocenes utilizing ruthenium and cobalt as
the metal.

Structure 37
BASE

(o]
I
—_—p

O (o]
——)
— O

R
!

\
C

H BASE
o

In Structure 37, Z is a linker as defined above, with generally short, alkyl groups, including
heteroatoms such as oxygen being preferred. Generally, what is important is the length of the linker,
such that minimal perturbations of a double stranded nucleic acid is effected, as is more fully
described below. Thus, methylene, ethylene, ethylene glycols, propylene and butylene are all
preferred, with ethylene and ethylene glycol being particularly preferred. In addition, each Z linker may
be the same or different. Structure 37 depicts a ribose-phosphate backbone, although as will be
appreciated by those in the art, nucleic acid analogs may also be used, including ribose analogs and
phosphate bond analogs.
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Structure 38

In Structure 38, preferred Z groups are as listed above, and again, each Z linker can be the same or

different. As above, other nucleic acid analogs may be used as well.

In addition, although the structures and discussion above depicts metallocenes, and particularly
ferrocene, this same general idea can be used to add ETMs in addition to metallocenes, as nucleoside
replacements or in polymer embodiments, described below. Thus, for example, when the ETM is a
transition metal complex other than a metallocene, comprising one, two or three (or more) ligands, the
ligands can be functionalized as depicted for the ferrocene to allow the addition of phosphoramidite
groups. Particularly preferred in this embodiment are complexes comprising at least two ring (for
example, aryl and substituted aryl) ligands, where each of the ligands comprises functional groups for
attachment via phosphoramidite chemistry. As will be appreciated by those in the ari, this type of
reaction, creating polymers of ETMs either as a portion of the backbone of the nucieic acid or as "side
groups” of the nucleic acids, to allow amplification of the signals generated herein, can be done with
virtually any ETM that can be functionalized to contain the correct chemical groups.

Thus, by inserting a metallocene such as ferrocene (or other ETM) into the backbone of a nucleic acid,
nucleic acid analogs are made; that is, the invention provides nucleic acids having a backbone
comprising at least one metallocene. This is distinguished from nucleic acids having metallocenes
attached to the backbone, i.e. via a ribose, a phosphate, etc. That is, two nucleic acids each made up
of a traditional nucleic acid or analog (nucleic acids in this ;ase including a single nucleoside), may be
covalently attached to each other via a metallocene. Viewed differently, a metallocene derivative or

substituted metallocene is provided, wherein each of the two aromatic rings of the metallocene has a
nucleic acid substitutent group.
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In addition, as is more fully outlined below, it is possible to incorporate more than one metallocene into
the backbone, either with nucleotides in between and/or with adjacent metallocenes. When adjacent
metallocenes are added to the backbone, this is similar to the process described below as

“metallocene polymers”; that is, there are areas of metallocene polymers within the backbone.

In addition to the nucleic acid substitutent groups, it is also desirable in some instances to add
additional substituent groups to one or both of the aromatic rings of the metallocene (or ETM). For
example, as these nucleoside replacements are generally part of probe sequences to be hybridized
with a substantially complementary nucleic acid, for example a target sequence or another probe
sequence, it is possible to add substitutent groups to the metallocene rings to facilitate hydrogen
bonding to the base or bases on the opposite strand. These may be added to any position on the
metallocene rings. Suitable substitutent groups include, but are not limited to, amide groups, amine
groups, carboxylic acids, and alcohols, including substituted alcohols. In addition, these substitutent

groups can be attached via linkers as well, although in general this is not preferred.

In addition, substituent groups on an ETM, particularly metallocenes such as ferrocene, may be added
to alter the redox properties of the ETM. Thus, for example, in some embodiments, as is more fully
described below, it may be desirable to have different ETMs attached in different ways (i.e. base or
ribose attachment), on different probes, or for different purposes (for example, calibration or as an
internal standard). Thus, the addition of substituent groups on the metallocene may allow two different
ETMs to be distinguished.

In order to generate these metallocene-backbone nucleic acid analogs, the intermediate components
are also provided. Thus, in a preferred embodiment, the invention provides phosphoramidite
metallocenes, as generally depicted in Structure 39:

Structure 39
PG—O0

Z——AROMTTIC RIN

=
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0
NCHCHC—P—N-_ CH/C"h
/CH \CH;,

HAC \cw
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In Structure 39, PG is a protecting group, generally suitable for use in nucleic acid synthesis, with
DMT, MMT and TMT all being preferred. The aromatic rings can either be the rings of the
metallocene, or aromatic rings of ligands for transition metal complexes or other organic ETMs. The

aromatic rings may be the same or different, and may be substituted as discussed herein.

Structure 40 depicts the ferrocene derivative:

Structure 40

PG—O

Z_
Fe
T
o
H
NCH,CH,C—— P——N—_ CH/CH3
N
/CH\ CHy

HiC CH3

These phosphoramidite analogs can be added to standard oligonucleotide syntheses as is known in
the art.

Structure 41 depicts the ferrocene peptide nucleic acid (PNA) monomer, that can be added to PNA
synthesis (or regular protein synthesis) as is known in the art and depicted within the Figures and
Examples:

Structure 41
PG——NH

In Structure 41, the PG protecting group is suitable for use in peptide nucleic acid synthesis, with
MMT, boc and Fmoc being preferred.

These same intermediate compounds can be used to form ETM or metallocene polymers, which are

added to the nucleic acids, rather than as backbone replacements, as is more fully described below.
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In a preferred embodiment, the ETMs are attached as polymers, for example as metallocene
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