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LABEL-FREE OPTICAL SENSING AND
CHARACTERIZATION OF BIOMOLECULES
BY D?® OR D'° METAL COMPLEXES

CROSS REFERENCE TO RELATED
APPLICATION

This application is a continuation-in-part of U.S. patent
application Ser. No. 11/625,109, filed on Jan. 19,2007, which
claims priority of U.S. Provisional Patent Application Ser.
No. 60/772,090, filed Feb. 10, 2006. The foregoing applica-
tions are incorporated herein by reference.

FIELD OF THE INVENTION

The present invention relates to procedures and materials
for label-free optical detection and characterization of bio-
molecules carrying multiple charges in a sample.

BACKGROUND OF THE INVENTION

Nucleic acids, either DNA or RNA, single-stranded or
double-stranded, are the most fundamental and important
class of biomolecules in a living cell. DNA encodes the
genetic information that passes from generation to genera-
tion. Through transcription, the coded information is trans-
ferredto mRNA, which binds to ribosome (specific ribosomal
RNA and protein complex). With the assistance of tRNA,
which contains an anticodon and a specific amino acid, the
carried information of mRNA is translated into a precise
sequence of a polypeptide of 20 amino acids. Folding of the
polypeptide into a well-defined three-dimensional structure
gives rise to a protein. Many classes of proteins act as building
blocks, enzymes, and regulation factors. Together with other
classes of biomolecules, proteins are responsible for the
structure and proper function of a living cell.

Since nucleic acids carry multiple negatively charged
phosphate functional groups, they are polyanions. Under
physiological conditions, poly(aspartic acid) and poly
(glutamic acid) form polycarboxylates, which are also polya-
nions. On the other hand, polylysine, polyarginine, and poly-
histidine (in an acidic aqueous solution) carry multiple
positive charges, and are considered polycations. Many pro-
teins, when the solution pH is not at their isoelectric point (pl)
value, carry net positive or negative multiple charges (21). In
light of the above, methods that can detect and characterize
biomelecules with multiple charges are of great importance,
which can not only help us to understand how the cell func-
tions, assist biological/biochemical research, but may also
provide ways to facilitate biomedical research, clinical diag-
nosis, and new drug development.

The intriguing structural and bonding properties of square-
planar d® or d'° metal complexes have attracted long-standing
interest, and more so recently with the growing interest in the
spectroscopic properties associated with this class of metal
complexes. These metal complexes are known to display a
strong tendency towards the formation of highly-ordered
extended linear chains or oligomeric structures in the solid
state. The extent of the metal-metal interaction and the 7t . . .
7 stacking of the aromatic ligand have led to the observation
ofinteresting spectroscopic and luminescence properties, and
recent reports based on the utilization of these observations
for molecular recognition, chemosensing, and optoelectronic
applications have been made (17, 19, 24, 26-28, 30, 37, 38,
45-48).

A representative example of the class of the aforemen-
tioned d® or d'® metal complexes is the alkynylplatinum(II)
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terpyridyl complexes (45-47). By changing the solvent polar-
ity, or using a polyelectrolyte, namely polyacrylate (a polya-
nion), the d® or d'° metal complexes are induced to aggregate
and self-assemble, thereby creating observable dramatic
changes in the UV/vis and emission spectra (46, 49). In addi-
tion, when the complex was mixed with single-stranded
nucleic acid in an aqueous solution, dramatic UV/vis and
emission spectral changes were also observed; the spectral
changes were closely related to the structure of the single-
stranded nucleic acid as well as the structural properties of the
complex (50).

There are a number of assay methods available nowadays
for the detection and characterization of multiple-charged
biomolecules. However, most of the commonly used existing
methods require sophisticated analytical techniques and
expensive instrumentation. Many of these methods require
labeling with a detectable group, which can be a radioisotope
or a fluorescent substance, as well as hybridization proce-
dures for nucleic acid detection. Hence, such methods usually
demand high financial cost and are technically complicated
and time-consuming.

The importance of our metal complex self-assembly
related bio-sensing technology invention can be further illus-
trated by the following important areas of nucleic acid sens-
ing related research that have been under our extensive inves-
tigation.

One important class of nucleic acid is telomeric DNA,
which is located at the end of linear eukaryotic chromosomes,
and consists of simple tandem repeats of guanine-rich
sequences. The majority of telomeric DNA is double-
stranded, but the extreme 3' ends are single-stranded, which
have the propensity to form four-stranded structures known as
G-quadruplexes (18, 20). A guanine quartet is composed of
four coplanar guanine nucleobases, stabilized by cyclic
Hoogsteen hydrogen bonding, and also by coordination of
carbonyl oxygen of guanine with monovalent cations, such as
sodium or potassium (FIG. 1). Several quartets stack on top of
each other to form G-quadruplex. The enzyme telomerase, a
ribonucleoprotein, is a reverse transcriptase. It acts to extend
the telomere length, and is inactive in normal human somatic
cells, but active in 85-90% of cancer cells. Formation and
stabilization of G-quadruplex structure at telomere ends can
inhibit telomerase activity, and such strategy has been a very
active area of anti-cancer research (25, 33, 35, 43, 44).

In addition, since G-quadruplex formation is stabilized by
monovalent cations, it can also be used to selectively sense the
presence of potassium ion. Potassium ion (K*) plays an
important role in biological systems together with sodium,
calcium, magnesium, and other metal ions. Therefore the
development of a method to specifically detect potassium ion
in a cell is very important.

An important aspect of potassium ion sensing is related to
hERG, which is a potassium ion channel. In the late 1990s a
number of drugs, approved by the FDA (U.S. Department of
Health and Human Services Food and Drug Administration)
and available on the market, had to be withdrawn from sales
in the US when it was discovered that they were implicated in
deaths caused by heart malfunction. It is now known that a
side effect of these drugs was the blocking of hERG channels
in heart cells. This caused prolongation of action potentials,
which are the electrical pulses responsible for controlling
heart muscle cells. With the proper control of the rate of
heartbeat lost, dangerous arrhythmias could develop, which
leads in some cases to death.

An unbalanced K* concentration is associated with the
onset of irregular heartbeat and hERG-blocking properties
can end the prospects for a potential drug. However, there is
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now no simple way to predict how the structure of a drug
would determine whether it will block hERG or not. There-
fore, testing on these channels needs to be implemented early
in the drug-screening procedure. In many companies all drug
candidates will be tested for hERG blocking before any fur-
ther investigation is carried out since there is no point in going
on with a compound that can never get into the market. The
enormous number of compounds that need to be screened and
tested will provide a formidable challenge to pharmaceutical
companies. Thus the development of an efficient high
throughput assay that is simple, easy to operate and without
the need of the talents of highly trained and creative scientists
is important. Real-time monitoring of the extracellular con-
centration of K* ions (2-10 mM) would require the indicator
to exhibit a sufficiently high response in the presence of a
complex matrix containing several ions (Na*, Mg>*, Ca>*,
and C1I7) at millimolar concentrations. Thus the challenge will
beto develop an assay that can sense selectively K™ ions in the
presence of other metal ions, in particular the Na* and Ca*
ions, as K* ion plays an important role in biological systems
together with Na*, Mg**, Ca®*, and other metal ions. At
present, the high throughput assay adopted for drug-screen-
ing is using Rb as the potassium analogue. Development of a
simple real-time assay of stimulated K™ efflux from cells will
have the potential to supplement or replace *°Rb efflux mea-
surements (29, 31, 32, 34, 41, 42).

Recently, selective and sensitive K* assays based on
G-quadruplex forming oligonucleotides have been reported,
as G-quadruplex has a channel at its center with a diameter
that correlates well with the ionic radius of K*(1.3 A). How-
ever, these works are mostly based on the dual-labeling of
oligonucleotide derivatives with donor and acceptor dyes for
fluorescence resonance energy transfer (FRET) and quench-
ing assays (40, 52), involving rather tedious labeling proce-
dures. A related pyrene-labeled oligonucleotide has been
developed for selective potassium ion sensing based on exci-
mer emission upon G-quadruplex formation (39), which can
be potentially exploited for the real-time monitoring of K*
ions under extracellular conditions. The greater selectivity of
these systems towards K* ions over Na™ ions have made the
exploitation of G-quadruplex forming oligonucleotides
attractive. However, the involvement of tedious labeling tech-
niques represents a major drawback in these systems. The
present assay, which involves a simple label-free method and
does not require the tedious labeling or tethering of the plati-
num(Il) indicator via covalent bonding to the G-rich oligo-
nucleotides, is advantageous and is superior to other com-
monly employed methods, and may be explored for real-time
monitoring purposes.

The cleavage of DNA by nuclease such as restriction endo-
nuclease and nonspecific nuclease is involved in many impor-
tant biological processes, such as DNA replication, recombi-
nation, and repair. Single-stranded nucleic acid specific
nuclease has been widely used as a tool in molecular biology,
such as removal of nonannealed single-stranded nucleic acid
tail, hairpin loop, etc. So far, only a few nuclease assay meth-
ods are commonly used, such as gel electrophoresis, high
performance liquid chromatography (HPLC), sedimentation,
and enzyme linked immunosorbent assay (ELISA). These
methods are time-consuming, laborious, and usually require
substrate labeling.

It has been well-documented that reactive oxygen species
such as the superoxide radical anion, hydrogen peroxide, and
the hydroxyl radical cause damage to various biomolecules.
DNA damage/cleavage by radical species has drawn much
attention in recent years, due to its possible involvement in
mutagenesis, carcinogenesis, and apoptosis. DNA damage by

40

45

4

hydroxyl radicals generates characteristic mutagenic base
damages. and the DNA strand breaks into small fragments.
Therefore study of the DNA damage/cleavage is of obvious
importance. We envisage that our new technique could be
used for in vivo detection of reactive oxygen species.

In summary, the present invention provides a novel label-
free assay method to sense and characterize multiple-charged
biomolecules. Binding of the charged d® or d'° metal complex
to the biomolecule carrying opposite charges induces aggre-
gation and self-assembly of the metal complex, and hence
gives rise to remarkable UV/vis, emission, and CD intensity
changes. The assay not only provides a means to detect the
presence of multiple-charged biomolecules, to study their
secondary structure and structure/conformation changes,
selectively sense specific metal ion, but can also be used to
study nucleic acid cleavage by nuclease and damage by reac-
tive oxygen species, and thus can be extended for the detec-
tion of nuclease and reactive oxygen species.

SUMMARY OF THE INVENTION

In general, the present invention provides compositions,
methods, and kits for detecting and/or characterizing biomol-
ecules carrying multiple charges. A charged d® or d'° metal
complex is mixed with a biomolecule. Electrostatic binding
of the charged metal complex to the oppositely charged bio-
molecule induces aggregation and self-assembly of the metal
complex via metal-metal interactions and/or & . . . 7t stacking
interactions of a corresponding coordinating ligand in the
metal complex, which in turn creates remarkable optical
property changes, such as UV/vis, emission, and CD intensity
changes, of the metal complex (50).

The present invention provides a composition for detecting
and/or characterizing a multiple-charged biomolecule com-
prising a charged d® or d'° metal complex, wherein the metal
complex electrostatically binds to the multiple-charged bio-
molecule to induce aggregation and self-assembly of the
metal complex through metal . . . metal interactions, x . . . @
interactions, or a combination of both interactions.

The present invention also provides an assay method for
detecting the presence of a target multiple-charged biomol-
ecule in a sample, which comprises: (a) the combination of a
charged d® or d'° metal complex, wherein the metal complex
contains at least one transition metal and at least one corre-
sponding coordinating ligand, with the sample potentially
containing the target multiple-charged biomolecule under
conditions effective to allow the binding of the d® or d*° metal
complex to the target multiple-charged biomolecule by elec-
trostatic interactions, and to allow subsequent self-assembly
of a charged d® or d'° metal complex aggregate, and (b) the
measurement of the optical properties of the charged d® or d*°
metal complex aggregate.

The present invention further provides a kit for use in
detecting a multiple-charged biomolecule in a sample com-
prising: (a) a composition that contains a charged d® or d*°
metal complex, wherein the metal complex electrostatically
binds to the multiple charged biomolecule to induce aggre-
gation and self-assembly of the d® or d'° metal complex
through metal-metal interactions and/or &t . . . T interactions,
and (b) instructions for use.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 shows the hydrogen bonding among four guanine
bases in a G-quadruplex structure.

FIG. 2 shows the structure of four cationic d* metal com-
plexes as illustrative examples.
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FIG. 3 shows the overlaid UV-vis spectra of 30 uM of
complexes in buffer-MeCN solvent mixture (curves a-d for
complexes 1-4 respectively. Medium: 5 mM Tris-HCI, 10
mM NaCl, pH 7.5, 40% MeCN).

FIG. 4 shows the overlaid CD spectra of one of the repre-
sentative single-stranded nucleic acids, 90 uM of poly(dG),s
(line a), and spectral changes thereof upon binding to a d*
metal complex, 30 uM of complex 1 (line b).

FIG. 5 shows the hydrogen bonding in cytosine-protonated
cytosine (C—C¥) base pair.

FIG. 6 shows the overlaid UV-vis absorption and emission
spectra of 90 pM of poly(dC),s+30 UM of complex 1.
Medium: 5 mM HOAc-NaOAc, 10 mM NaCl, pH 5.0.

FIG. 7 shows the overlaid CD spectra of 90 pM of poly
(dC),5 (line a), and its binding with 30 uM of complex 1 (line
b). Medium: 5 mM HOAc-NaOAc, 10 mM NaCl, pH 5.0.

Table 1 shows some selected DNA oligonucleotides tested
as illustrative examples.

FIG. 8 shows the UV-Vis spectral changes indicating the
formation of G-quadruplex structure and platinum complex
self-assembly. Final concentration: 20 fIM of oligonucleotide
TGGG and 30 uM of complex 1 in the presence of 25 mM of
NaCl (line a), 25 mM of 12-crown-4+25 mM of KCI (line b),
25 mM of 15-crown-5+25 mM of KCI (line ¢), 25 mM of
18-crown-6+25 mM of KCl (line d), and 25 mM of KCI (line
e). Medium: 5 mMTris-HCl, pH 7.5, 20% trifluoroethanol.

FIG. 9 shows the emission spectral changes indicating the
formation of G-quadruplex structure and platinum complex
self-assembly. Final concentration: 20 pM of oligonucleotide
TGGG and 30 uM of complex 1 in the presence of 25 mM of
NaCl (line a), 25 mM of 12-crown-4+25 mM of KCl (line b),
25 mM of 15-crown-5+25 mM of KCI (line ¢), 25 mM of
18-crown-6+25 mM of KCL (line d), and 25 mM of KCl (line
e). Medium: 5 mM Tris-HCI, pH 7.5, 20% trifluoroethanol.

FIG. 10 shows the emission intensity changes at different
K™ concentrations. Final concentration: 20 uM of oligonucle-
otide TGGG and 30 uM of complex 1 in the presence of KCl.
Medium: 5 mM Tris-HC, pH 7.5, 20% trifluoroethanol.

FIG. 11 shows the UV/vis spectral changes with time upon
addition of 2 units of nuclease S1 to the mixture of complex
1 and poly(dT),s. Experimental conditions: 148 ul H,O+62 1l
buffer (25 mM sodium acetate, 50 mM NaCl, 5 mM zinc
sulphate, pH 4.6)+20 wl 1.62 mM of poly(dT),s+10 ul
nuclease S1 (lunit/5 pl), incubated for a specific period of
time, followed by addition of 120 pl 0of 90 pl of complex 1.

FIG. 12 shows the MMLCT emission intensity changes
with time upon addition of 2 units of nuclease S1 to the
mixture of complex 1 and poly(dT),s. Experimental condi-
tions: 148 ul H,O+62 pl buffer (25 mM sodium acetate, 50
mM NaCl, 5 mM zinc sulphate, pH 4.6)+20 pl 1.62 mM of
poly(dT),s+10 ul nuclease S1 (1unit/S pl), incubated for a
specific period of time, followed by addition of 120 pl of 90
uM of complex 1.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENTS

Definitions

As used in this application, except as otherwise expressly
provided, each of the following terms shall have the meaning
set forth below.

The term “single-stranded nucleic acid” employed herein
can be single-stranded DNA, RNA of any length, natural or
artificial, any derivatives or their analogues as long as it
carries negative charge and the nucleic base sequence. It can
bepart of a duplex DNA or RNA, part of any combinations of
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DNA, RNA, protein, carbohydrate, lipid, and their deriva-
tives. It may be freely distributed in solution, or immobilized
onto a solid support surface. The nucleic acid can be directly
obtained from a sample solution, or derived from amplified
genes or gene fragments.

The term “biomolecule” employed herein can be DNA,
RNA, protein, carbohydrate, lipid, their combinations and
derivatives carrying multiple charges. It may be freely dis-
tributed in solution, or immobilized onto a solid support sur-
face.

The term “charged” employed herein can be either anionic
or cationic.

The term “charged d® or d'® metal complex aggregate”
employed herein can be any metal complex that contains at
least one metal center of & or d'° electronic configuration that
carries net positive or negative charge(s), which, in the vicin-
ity of a biomolecule of opposite charge, can cause a local
concentration enrichment of the metal complex, brought
about by electrostatic interactions between the biomolecule
and the metal complex.

The term “corresponding coordinating ligand” employed
herein can be any donor ligand that forms a dative coordina-
tion bond to a metal center.

Embodiments of the Invention

The present invention provides a composition for detecting
and/or characterizing a multiple-charged biomolecule com-
prising a charged d9 or d10 metal complex, wherein the metal
complex electrostatically binds to the multiple charged bio-
molecule to induce aggregation and self-assembly of the
metal complex through metal-metal interactions, = . . . T
interactions, or a combination of both interactions.

In one embodiment, the charged d® or d'° metal complex
may comprise at least one transition metal and at least one
corresponding coordinating ligand. A non-limiting list of
examples of the transition metals contains platinum (Pt), gold
(Au), palladium (Pd), rhodium (Rh), iridium (Ir), and silver
(Ag), which are capable of participating in metal-metal inter-
actions. A non-limiting list of examples of corresponding
coordinating ligands contains aryl, alkyl, alkynyl, and their
derivatives; nitrogen donor ligands including pyridine, bipy-
ridine, terpyridine, polypyridine, arylpyridine, diarylpyri-
dine, arylbipyridine, phenanthroline, diazine, triazine, phtha-
locyanine, imine, diimine, triimine, porphyrin, and their
derivatives; sulfur, phosphorus, and oxygen donor ligands
including phosphine, thiolate, carboxylate, and their deriva-
tives. The corresponding coordinating ligand can also have
the following structures:

(@)

HO
N — (b)
® /ﬁ
M63N
©
@/ : :
MesN
— (d)
@
ME;N
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The charged d® or d'° metal complex should carry at least
one net positive or negative charge. Preferably, the metal
complex has a planar structure or a partially planar structure,
and at least one corresponding coordinating ligand is capable
of .. . m stacking interactions.

Preferably, the multiple-charged biomolecule should carry
at least three net charges to induce the aggregation of the
charged d® or d'° metal complex.

The present invention also provides an assay method for
detecting the presence or absence of a target multiple-charged
biomolecule in a sample, which comprises: (a) the combina-
tion of a charged d® or d'° metal complex, wherein the metal
complex contains at least one transition metal and at least one
corresponding coordinating ligand, with the sample poten-
tially containing the target multiple-charged biomolecule
under conditions effective to allow the binding of the d® or d'°
metal complex to the target multiple-charged biomolecule by
electrostatic interactions, and to allow subsequent self-as-
sembly of a charged d® or d'° metal complex aggregate, and
(b) the measurement of the optical properties of the charged
d® or d'° metal complex aggregate.

In one embodiment, the present invention provides a
method for detecting the presence of a target single-stranded
nucleic acid molecule in a sample solution. The target nucleic
acid molecule can be analyzed directly, or can be amplified
prior to the analysis. This method comprises the combining of
a charged d® or d'° metal complex with a sample solution
potentially containing a target nucleic acid molecule, under
conditions effective to allow at least one single-stranded
nucleic acid to associate electrostatically with the d* or d'°
metal complex, and to allow subsequent self-assembly of the
d® or d'° metal complex; the determining of whether at least
one single-stranded nucleic acid has electrostatically associ-
ated with the d® or d'° metal complex, wherein self-assembly
of the d® or d'“ metal complex, and subsequently the presence
or absence of the target nucleic acid molecule, is indicated by
changes in optical properties, such as in calorimetric assay,
photoluminescence assay, or CD spectrometry analysis.

In another embodiment, the present invention provides a
method for characterizing the structural properties of a target
single-stranded nucleic acid. This method comprises the
combining of a single-stranded nucleic acid molecule, of
which the structural properties have been well-characterized,
with a charged d* or d'° metal complex, under conditions
effective to allow at least one single-stranded nucleic acid to
associate electrostatically with the d° or d'° metal complex to
form an associating complex; and to allow subsequent self
assembly ofthe d® or d'° metal complex, wherein self-assem-
bly of d* or d'” metal complex is recorded by changes in its
optical properties, such as in colorimetric assay, photolumi-
nescence assay, or CD spectrometry analysis. By conducting
such experiments using different nucleic acid molecules of
known structural properties, the combined set of information
provides an effective way to deduce the structural properties
of a target single-stranded nucleic acid.

In another embodiment, the present invention provides a
method for detecting structural changes of a target single-
stranded nucleic acid. This method can be carried out in two
different ways. In one embodiment, the method comprises the
combining of a target nucleic acid molecule with a charged d®
or d*° metal complex, under conditions effective to allow at
least one single-stranded nucleic acid to associate electro-
statically with the d® or d'° metal complex to form an associ-
ating complex; and to allow subsequent self-assembly of the
d® or d*° metal complex, wherein self-assembly of d8 or d10
metal complex is recorded by changes in its optical proper-
ties, such as in colorimetric assay, photoluminescence assay,
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or CD spectrometry analysis. By conducting such experi-
ments under different conditions, (e.g. different temperature,
different ionic strength, or addition of compounds that may
potentially cause structural property change of the target
nucleic acid molecule), the optical properties are recorded,
and changes in structural properties can then be deduced by
comparing the changes in optical properties.

In a further embodiment, the method comprises the expos-
ing of a target nucleic acid molecule to different conditions
which may potentially induce structural property changes;
the combining of the target nucleic acid molecule with a
charged d® or d'° metal complex, under conditions effective to
allow at least one single-stranded nucleic acid to associate
electrostatically with the d® or d'° metal complex to form an
associating complex; and to allow subsequent self-assembly
of the d® or d'° metal complex, wherein self-assembly of the
d® or d'° metal complex is recorded by changes in its optical
properties, such as in colorimetric assay, photoluminescence
assay, or CD spectrometry analysis. The recorded optical
property changes can then be used to deduce the structural
property changes of the target nucleic acid molecule.

In another embodiment, the present invention provides a
method for detecting nucleic acid G-quadruplex formation in
a sample solution. This method comprises the obtaining of a
sample solution containing the target nucleic acid molecule;
the exposing of the target nucleic acid to various conditions
(e.g. different concentration, temperature, metal ions, etc.)
which may potentially induce G-quadruplex formation; and
then the exposing of the sample solution to a charged d® or d*°
metal complex under conditions effective to allow nucleic
acid in the sample solution to electrostatically associate with
the d® or d'° metal complex to form associating complex; and
to allow subsequent self-assembly of the d® or d'° metal
complex, wherein self-assembly of the d® or d'® metal com-
plex is recorded by changes in its optical properties, such as in
colorimetric assay, photoluminescence assay, or CD spec-
trometry analysis; and the determining of whether the optical
properties of the test solutions under various conditions are
substantially different, which forms the basis for indicating
the presence or absence of nucleic acid G-quadruplex forma-
tion of the target nucleic acid molecule.

In another embodiment, the present invention provides a
method for detecting nucleic acid i-motif formation in a
sample solution. This method comprises the obtaining of a
sample solution containing the target nucleic acid molecule;
the exposing of the target nucleic acid to various conditions
(e.g. different concentration, temperature, metal ions, etc.)
which may potentially induce i-motif formation; and then the
exposing of the sample solution to a charged d® or d'° metal
complex under conditions effective to allow nucleic acid in
the sample solution to electrostatically associate with the d®
or d'° metal complex to form associating complex; and to
allow subsequent self-assembly of the d® or d'° metal com-
plex, wherein self-assembly of the d® or d'® metal complex is
recorded by changes in its optical properties, such as in colo-
rimetric assay. photoluminescence assay, or CD spectrometry
analysis; and the determining of whether the optical proper-
ties of the test solutions under various conditions are substan-
tially different, which forms the basis for indicating the pres-
ence or absence of nucleic acid i-motif formation of the target
nucleic acid molecule.

In another embodiment, the present invention provides a
method for selectively detecting certain metal ions in a
sample solution. The basis of this type of assay is that nucleic
acid G-quadruplex formation is known to be promoted by the
presence of certain monovalent cations, especially potassium
ion. This happens by a coincidence of the size of potassium
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with the cavity created between two guanine quartets (FIG.
1). When a nucleic acid which can potentially form G-qua-
druplex is mixed with certain concentration of a metal ion
(e.g. potassium ion), and if the metal ion concentration is high
enough, nucleic acid G-quadruplex will form and conse-
quently significant complex self-assembly will be observed,;
if the metal ion concentration is too low, no quadruplex for-
mation occurs and thus no complex self-assembly will be
observed; and if the metal ion concentration is anywhere in
between, a certain degree of quadruplex formation will be
observed, which is related to the metal ion concentration.

The method comprises obtaining a sample solution con-
taining an appropriate nucleic acid molecule, which can
potentially form a G-quadruplex structure under certain con-
centration of the metal ion (e.g. potassium); combining the
nucleic acid with various concentrations of the metal ion,
under conditions which favor G-quadruplex formation;
exposing the sample solution to a charged d® or d'° metal
complex under conditions effective to allow the nucleic acid
in the sample solution to electrostatically associate with the
d® or d*° metal complex to form an associating complex, and
allowing subsequent self-assembly of the d* or d'° metal
complex, wherein self-assembly of the d® or d'° metal com-
plex is identified by changes in its optical properties, such as
in a colorimetric assay, a photoluminescence assay, or a CD
spectrometry analysis; and determining whether the optical
property changes are associated with the concentration of the
metal ion, which indicates the presence or absence of certain
concentration of metal ion in the sample solution.

In another embodiment, the present invention provides a
method for label-free, and real-time monitoring of enzymatic
cleavage of single-stranded nucleic acid. The assay method is
based on the following: (a) in the presence of longer oligo-
nucleotides, the d* or d'® metal coniplexes will form helical
self-assembly, which can be easily monitored by UV/vis,
emission, and CD spectroscopy; (b) when the oligonucle-
otides are mostly cleaved, only short oligonucleotides are
available (with length= 5 nucleic acid bases), and no complex
self-assembly can be formed, and thus no spectroscopic
changes can be detected; (c) when the oligonucleotides are
only partially enzymatically cleaved, reduced spectroscopic
changes can be detected.

The method comprises obtaining a sample solution con-
taining an appropriate nucleic acid molecule; adding a
nuclease to the sample solution, with conditions effective to
allow cleavage of the nucleic acid by the nuclease; exposing
the sample solution to a charged d® or d'° metal complex
under conditions effective to allow nucleic acid in the sample
solution to electrostatically associate with the d® or d'° metal
complex to form associating complex; and allowing the sub-
sequent self-assembly of the d® or d'° metal complex,
wherein self-assembly of the d® or d'° metal complex is iden-
tified by changes in its optical properties, such as in a colori-
metric assay, a photoluminescence assay, or a CD spectrom-
etry analysis; and determining whether there are any optical
property changes, which indicate the presence or absence of
nuclease activity in the sample solution.

In another embodiment, the present invention provides a
method for monitoring nucleic acid radical damage. The
assay method is based on the same principle as the one for
monitoring nucleic acid enzymatic cleavage: (a) in the pres-
ence of longer oligonucleotides, the d® or d'® metal com-
plexes will form helical self-assembly, which can be easily
monitored by UV/vis, emission, and CD spectroscopy; (b)
when the oligonucleotides are seriously damaged by reactive
radicals, it will break into pieces, and therefore only short
oligonucleotides are available (with length=5 nucleic acid
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bases), and no complex self-assembly can be formed, thus no
spectroscopic changes can be detected; and (c) when the
oligonucleotides are only partially damaged, reduced spec-
troscopic changes can be detected.

As an illustrative example, the hydroxyl radicals can be
generated by a commonly used Fenton’s reagent:

Fe(ID)+H,0,~Fe(III)}+ OH+OH"

The method comprises obtaining of a sample solution con-
taining an appropriate nucleic acid molecule; combining the
nucleic acid solution and a solution containing reactive radi-
cals (the radicals can be freshly generated before adding to the
nucleic acid solution, or generated in situ by subsequent
addition of key radical generating components); exposing the
sample solution to a charged d® or d'° metal complex under
conditions effective to allow the nucleic acid in the sample
solution to electrostatically associate with the d® or d'° metal
complex to form associating complex, and allowing the sub-
sequent self-assembly of the d® or d'® metal complex,
wherein self-assembly of the d® or d'° metal complex is
recorded by changes in its optical properties, such as in colo-
rimetric assay, photoluminescence assay, or CD spectrometry
analysis; and determining whether there is any optical prop-
erty changes, which forms the basis for indicating the pres-
ence or absence of radical nucleic acid damage.

The present invention further provides kits containing vari-
ous components that will allow users to perform one or more
aforementioned methods of the present invention. Specifi-
cally, the present invention further provides a kit for use in
detecting a multiple-charged biomolecule in a sample com-
prising: (a) a composition that contains a charged d8 or d10
metal complex, wherein the metal complex electrostatically
binds to the multiple-charged biomolecule to induce aggre-
gation and self-assembly of the d® or d'° metal complex
through metal-metal interactions and/or &t . . . T interactions,
and (b) instructions for use.

The present invention further provides kits containing vari-
ous components that will allow users to perform the monitor-
ing of processes (such as substrate binding) or activities (such
as enzymatic reactions) that will convert multiple charged
biomolecules or molecules to their uncharged forms, or from
their uncharged forms to multiple-charged species, via a
change in the electrostatic binding to induce self-assembly of
the d* or d'° metal complexes through metal-metal interac-
tions and/or .. . . winteractions, that is recorded as changes in
its optical properties, such as in colorimetric assay, photolu-
minescence assay, or CD spectrometry analysis.

The kits minimally include a first container that contains a
solution of the charged d® or d'° metal complex, which can be
cationic or anionic, and a second container that contains an
aqueous solution including at least one multiple-charged bio-
molecule carrying at least three net charges that are opposite
in charge to that of the d® or d'° metal complex.

EXAMPLES

The following examples are provided to illustrate embodi-
ments of the present invention, and are by no means intended
to limit the scope of the present invention. Those skilled in the
art will recognize that various changes and modifications can
be made in the present invention without departing from its
spirit and scope.

Example 1

Representative Examples of the d® or d*° Metal
Complex

Four examples of the metal complexes are provided (FIG.
2). They were either prepared by existing literature methods
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which are known by those skilled in the art, or prepared via
the synthetic routes given in reference 51. All the metal com-
plexes have certain properties that are especially suitable for
the aggregation studies described in the present invention. All
complexes contain a metal center (Pt), which is a d8 transition
metal ion and capable of participating in metal-metal inter-
actions. They also contain aromatic terpyridine ligand that
can interact with each other by 7 . . . 7 stacking interactions.
Of the four complexes, complex 3 which contains an extra
phenyl ring is the most hydrophobic. For complexes 2-4, the
positively charged trimethylammonium group is furthest
away from the platinum metal center and the terpyridine
ligandin 3, while complex 4, which contains only one alkynyl
unit, has the positively charged trimethylammonium group
closest in distance to the platinum metal center and the terpy-
ridine ligand. Complex 1 contains one positive charge and a
hydroxyl functional group, whereas complexes 2-4 contain
two net positive charges, as a result, these complexes are
rather soluble in water.

Example 2

Binding of the d* Metal Complex 1 shown in FIG. 2
to G-Quadruplex DNA Structure Studied by UV/Vis,
Emission, and CD Spectroscopy

Our studies show that when poly(dG),5 was mixed with
complex 1, as expected, good complex self-assembly was
observed (50). Interestingly, the CD spectrum of poly(dG),
mixed with complex 1 shows little changes (FIG. 4). The
changes in optical properties of the metal complexes when
mixed with poly(dG),s were apparently associated with the
primary and secondary structure of the oligonucleotide. CD
spectrum of poly(dG),s showed characteristic peaks which
suggested the formation of G-quadruplex structure (22), a
result of hydrogen bonding and base stacking interactions
among guanine bases. As a result, the complex self-assembly
was not helical.

Example 3

Binding of the d® Metal Complex 1 shown in FIG. 2
to i-Motif DNA Structure Studied by UV/Vis,
Emission, and CD Spectroscopy

Although poly(dC) is known to adopt a helical conforma-
tion under basic conditions, under acidic conditions, poly
(dC) forms the very unique i-motif structure, as a result of the
C—C"* (cytosine-protonated cytosine) base paring (FIG. 5).
At pH 5.0, improved self-assembly of complex 1 was
observed when mixed with poly(dC),s, as revealed by the
enhancement of the MMLCT bands in both the UV-vis and
the emission spectra (FIG. 6). However, the CD spectrum
induced by metal complex binding is found to be quite dif-
ferent from the helical assembly obtained previously, and also
different from the CD signatures of the i-motif structure (FIG.
7), that was initially formed before metal complex binding.
The very compact i-motif structure appears to facilitate the
self-assembly of the complex cations, albeit different from
the helical assembly as revealed by the CD.

Example 4
Binding of Complex 1 shown in FIG. 2 to
Oligonucleotides, G-Quadruplex Formation and the

Selective Label-Free Sensing of Potassium [on

It was found during our detailed investigation that the
induced complex self-assembly was dependent on the chain
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length of the single-stranded oligo oligonucleotide. With only
five nucleotide units, little induced complex self-assembly
was observed, when the oligonucleotide contained ten or
more nucleotide units, significant complex self-assembly was
observed. We speculate that since a G-quadruplex contains
four DNA strands, for one individual strand, if the number of
nucleotide units is equal or less than five, no induced complex
self-assembly should be observed, and when four oligonucle-
otides aggregate to form a quadruplex structure, the number
of nucleotide units in each quadruplex structure easily
exceeds ten, and induced complex self-assembly should be
observed. The induced complex self-assembly therefore
could be used for the detection of DNA G-quadruplex forma-
tion. More importantly, since it was generally observed that
the G-quadruplex structure is better stabilized by potassium
ion than any other metal ions, the present approach could
possibly be used for the specific sensing of potassium ion.
Because of the involvement of potassium ion in many bio-
logical processes, an approach that could be used to specifi-
cally sense potassium against other metal ions is of obvious
importance.

Several short DNA oligonucleotides for G-quadruplex for-
mation are tested in this study (Table I). In an aqueous solu-
tion with constant pH and ionic strength {5 mM Tris. HCI/10
mM NaCl, pH 7.5, 20% trifluoroethanol (TFB)} at ambient
temperature, spectral changes of the mixture of complex 1
with various preformed DNA G-quadruplexes by addition of
potassium ion are investigated. It is found that the DNA
oligonucleotide TGGG gives the best performance from the
result of remarkable spectroscopic changes. For TGGGDNA
oligonucleotide, when mixed with platinum(Il) complex and
using K* as the stabilizing ion, formation of new absorption
band occurs atca. 550 nm as indicated in FIG. 8. Concomitant
with the remarkable UV-vis absorption changes, a low-en-
ergy emission emerges in the NIR region upon mixing of the
complex with the described G-quadruplex (FIG. 9). In the
presence of K*, oligonucleotide TTAGGG (human telomeric
DNA repeat) induces a much smaller degree of complex
self-assembly (peak intensity, 18% ofthat induced by TGGG)
while other tested oligonucleotides give little induced com-
plex self-assembly. On the basis of our previous work and
other related studies, the newly formed absorption bands at
longer wavelength are attributed to metal-metal to ligand
charge transfer MMLCT transitions, as a result of the self
assembly of the complexes induced by the G-quadruplex
through metal-metal and = . . . & interactions. The newly
formed emission bands are assigned as 3MMLCT emission.
Owing to the electrostatic interaction between the multinega-
tively charged G-quadruplex and positively charged platinum
(II) complex, these two species tend to come into close prox-
imity, i.e., binding of the complex molecules to the bio-
oligomer. Thus, the increased local concentration of the com-
plex and charge neutralizations upon the binding process
facilitate the self-association and aggregation of the planar
complex molecules and give rise to the remarkable spectro-
scopic changes. As a result, G-quadruplex formation could be
detected via the self-assembly of platinum (II) complex in our
optimized conditions.

The variation of K* ion concentration used in G-quadru-
plex formation is studied by emission spectroscopy. The
results show that the intensity of the induced complex
*MMLCT emission increases with the increase of K* ion
concentration, and further increase of the K* ion concentra-
tion from 25 mM to 50 mM only causes little spectral
enhancement in our studies. FIG. 10 shows the emission
intensity changes at the NIR region upon varying the K*
concentration ofthe TGGG DNA oligo and complex mixture.
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In sharp contrast, 50 mM of NaCl causes no induced complex
self-assembly, and consequently no UV-vis and emission
MMLCT bands are observed (FIGS. 8 and 9). Addition of
higher concentrations of Na* were performed, and the results
show that even at 100, 200, 300, 400 mM Na* concentration,
no detectable aggregation signals could be found in the
absorption and emission studies. Besides Na*, other com-
monly present metal ions, such as Li*, Ca**, and Mg>* were
also tested (Cl as counter ion in all cases). It is found that
negative responses are observed for adding 50 mM of these
metal ions. The results strongly suggest that the present
approach can sense the presence of potassium ion very selec-
tively by G-quadruplex induced complex self-assembly.

It is well known that certain crown ethers can bind posi-
tively charged metal ions. With a few exceptions, the selec-
tivity of the crown ethers is usually modest. Because the size
of the central cavity of the host would determine the guest it
binds, different metal ions would preferably bind to specific
crown ethers, i.e. Li*, Na*, and K* preferably bind 12-crown-
4, 15-crown-5, and 18-crown-6 respectively. Therefore,
attempts to add different crown ethers into the assay solution
in order to investigate the competition of potassium ion
between the quadruplex and crown ethers were performed
(FIGS. 8 and 9). When 18-crown-6 was added to the assay
solution, large spectroscopic changes are observed. It shows
that the absorption and emission intensity of the MMLCT
band was largely reduced upon adding the 18-crown-6. As
15-crown-5 and 12-crown-4 are added, similar but smaller
spectroscopic changes are found in both cases and
12-crown-4 exerts the least effect on the diminishment of
MMLCT band intensities. The results indicate that binding of
the crown ether with the potassium ion will compete with
binding of the potassium ion to the G-quadruplex, that will
reduce the extent of G-quadruplex formation and the complex
self-assembly, consequently reduce the UV-vis and emission
band intensity.

Example 11

Binding of Complex 1 shown in FIG. 2 to
Oligonucleotides, Sensing of Nucleic Acid
Enzymatic Cleavage

Our new assay method is based on the following facts: (a)
in the presence of longer oligonucleotide, the d® or d'° metal
complexes will form helical self-assembly, which could be
easily monitored by UV/vis, emission, and CD spectroscopy;
(b) when the oligonucleotide is cleaved, only short oligo-
nucleotides are available (with length=5 nucleic bases), and
no complex self-assembly could be formed, thus no spectro-
scopic changes could be detected. FIG. 11 (UV/vis) shows the
decrease of complex self-assembly with time in the presence
of poly(dT),s and 2 units of nuclease S1. FIG. 12 shows the
decrease of MMLCT emission intensity with time in the
presence of poly(dT), and 2 units of nuclease S1.
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What is claimed is:

1. A composition for detecting or characterizing nucleic
20 acidenzymatic cleavage comprising a charged d® or d'® metal
complex, wherein the charged d® or d'° metal complex elec-
trostatically binds to a multiple-charged biomolecule to
induce aggregation and self-assembly of the metal complex
through metal-metal interactions, 7 . . . & interactions, or a
combination of both interactions and wherein the metal com-
plex comprises at least one transition metal, at least one
carbon donor ligand, and at least one corresponding coordi-
nating ligand; and wherein the carbon donor ligand has one of
the following structures:

HO @/ : :
Me;N

—_—, or
@/—_

MegN

10

25

30

® /ﬁ
MegN
40

2. A composition for detecting or characterizing nucleic
acid radical damage comprising a charged d® or d'° metal
complex, wherein the charged d® or d'° metal complex elec-
trostatically binds to a multiple-charged biomolecule to
induce aggregation and self-assembly of the metal complex
through metal-metal interactions, 7 . . . & interactions, or a
combination of both interactions, and wherein the metal com-
plex comprises at one least transition metal, at least one
carbon donor legend, and at least one corresponding coordi-

%0 nating ligand; and wherein the carbon donor ligand has one of
the following structures:
55 /E , ,
HO @,
M63N
60 = o =—a—F
@/ ®/
MesN MesN
3. A composition for detecting or characterizing nucleic
65 acid G-quadruplex formation and label-free selective sensing

of potassium ion comprising a charged d® or d'° metal com-
plex, wherein the charged d® or d'° metal complex electro-
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statically binds to a multiple-charged biomolecule to induce
aggregation and self-assembly of the metal complex through
metal-metal interactions, 7 . . . 7 interactions, or a combina-
tion of both interactions, and wherein the metal complex
comprises at one least transition metal, at least one carbon
donor ligand, and at least one corresponding coordinating
ligand; and wherein the carbon donor ligand has one of the
following structures:

HO

M63N

@/%-

Me;N

=, or
@/

MesN

4. The composition of claim 1, wherein the self-assembly
creates optical property changes to the metal complex.

5. The composition of claim 2, wherein the self-assembly
creates optical property changes to the metal complex.

6. The composition of claim 3, wherein the self-assembly
creates optical property changes to the metal complex.

7. The composition of claim 1, wherein the optical property
change is UV/vis, emission, or CD intensity change.

8. The composition of claim 2, wherein the optical property
change is UV/vis, emission, or CD intensity change.

9. The composition of claim 3, wherein the optical property
change is UV/vis, emission, or CD intensity change.

10. The composition of claim 1, wherein the at least one
transition metal is platinum (Pt), gold (Au), palladium (Pd),
rhodium (Rh), iridium (Ir), or silver (Ag).

11. The composition of claim 2, wherein the at least one
transition metal is platinum (Pt), gold (Au), palladium (Pd),
rhodium (Rh), iridium (Ir), or silver (Ag).

12. The composition of claim 3, wherein the at least one
transition metal is platinum (Pt), gold (Au), palladium (Pd),
rhodium (Rh), iridium (Ir), or silver (Ag).

13. The composition of claim 1, wherein one or more of the
corresponding coordinating ligands is a nitrogen donor
ligand.

14. The composition of claim 2, wherein one or more
corresponding coordinating ligands is a nitrogen donor
ligand.

15. The composition of claim 3, wherein one or more
corresponding coordinating ligands is a nitrogen donor
ligand.

16. The composition of claim 13, wherein the nitrogen
donor ligand is pyridine, bipyridine, terpyridine, polypyri-
dine, arylpyridine, diarylpyridine, arylbipyridine, phenan-
throline, diazine, triazine, phthalocyanine, imine, diimine,
triimine, or porphyrin.

17. The composition of claim 14, wherein the nitrogen
donor ligand is pyridine, bipyridine, terpyridine, polypyri-
dine, arylpyridine, diarylpyridine, arylbipyridine, phenan-
throline, diazine, triazine, phthalocyanine, imine, diimine,
triimine, or porphyrin.

18. The composition of claim 15, wherein the nitrogen
donor ligand is pyridine, bipyridine, terpyridine, polypyri-
dine, arylpyridine, diarylpyridine, arylbipyridine, phenan-
throline, diazine, triazine, phthalocyanine, imine, diimine,
triimine, or porphyrin.

19. The composition of claim 1, wherein the metal complex
has a planar structure or a partially planar structure, and at
least one corresponding coordinating ligand is capable of
7. ..« stacking interactions.
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20. The composition of claim 2, wherein the metal complex
has a planar structure or a partially planar structure, and at
least one corresponding coordinating ligand is capable of
7 . .. @ stacking interactions.

21. The composition of claim 3, wherein the metal complex
has a planar structure or a partially planar structure, and at
least one corresponding coordinating ligand is capable of
7. .. 7 stacking interactions.

22. The composition of claim 1, wherein the at least one
transition metal is platinum (Pt).

23. The composition of claim 2, wherein the at least one
transition metal is platinum (Pt).

24. The composition of claim 3, wherein the at least one
transition metal is platinum (Pt).

25. The composition of claim 1, wherein the at least one
corresponding coordinating ligand is terpyridine.

26. The composition of claim 2, wherein the at least one
corresponding coordinating ligand is terpyridine.

27. The composition of claim 3, wherein the at least one
corresponding coordinating ligand is terpyridine.

28. The composition of claim 1, wherein the at least one
transition metal is platinum (Pt) and at least one correspond-
ing coordinating ligand is terpyridine.

29. The composition of claim 2, wherein the at least one
transition metal is platinum (Pt) and at least one correspond-
ing coordinating ligand is terpyridine.

30. The composition of claim 3, wherein the at least one
transition metal is platinum (Pt) and at least one correspond-
ing coordinating ligand is terpyridine.

31. The composition of claim 1, wherein the at least one
carbon donor ligand has the following structure:

—_—

HO

32. The composition of claim 2, wherein the at least one
carbon donor ligand has the following structure:

—_—

HO

33. The composition of claim 3, wherein the at least one
carbon donor ligand has the following structure:

——

HO

34. The composition of claim 1, wherein the at least one
carbon donor ligand has the following structure:

o/

ME}N

35. The composition of claim 2, wherein the at least one
carbon donor ligand has the following structure:
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36. The composition of claim 3, wherein the at least one
carbon donor ligand has the following structure:

of

Me;N

37. The composition of claim 1, wherein the at least one
carbon donor ligand has the following structure:

/N
—/

®
MesN

38. The composition of claim 2, wherein the at least one
carbon donor ligand has the following structure:

o)
Me;N

39. The composition of claim 3, wherein the at least one
carbon donor ligand has the following structure:

®
MesN

40. The composition of claim 1, wherein the at least one
carbon donor ligand has the following structure:

of

MesN

41. The composition of claim 2, wherein the at least one
carbon donor ligand has the following structure:

of

MesN

42. The composition of claim 3, wherein the at least one
carbon donor ligand has the following structure:

®
Me;N

43. An assay method for detecting nucleic acid enzymatic
cleavage, radical damage, or G-quadruplex formation and
potassium sensing in a sample comprising:

a) combining a charged d® or d'° metal complex as set forth

in claim 1, wherein the metal complex contains at least
one transition metal and at least one corresponding coor-
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dinating ligand, with the sample potentially containing
the target nucleic acid under conditions effective to
allow the d® or d'° metal complex and the nucleic acid to
bind to each other by electrostatic interactions, and to
allow subsequent self-assembly of a charged d® or d'°
metal complex aggregate, and

b) measuring optical properties of the charged d® or d'°
metal complex aggregate.

44. A kit for use in detecting nucleic acid enzymatic cleav-
age, radical damage, or G-quadruplex formation and potas-
sium sensing in a sample comprising:

a composition that contains a charged d® or d'° metal com-
plex as set forth in claim 1, wherein the metal complex
electrostatically binds to the nucleic acid to induce
aggregation and self-assembly of the d® or d'® metal
complex through metal-metal interactions and/orxt. . .
interactions, and

b) instructions for use.

45. An assay method for detecting nucleic acid enzymatic
cleavage, radical damage, or G-quadruplex formation and
potassium sensing in a samgle comprising:

a) combining a charged d® or d'° metal complex as set forth
in claim 2, wherein the metal complex contains at least
one transition metal and at least one corresponding coor-
dinating ligand, with the sample potentially containing
the target nucleic acid under conditions effective to
allow the d® or d'° metal complex and the nucleic acid to
bind to each other by electrostatic interactions, and to
allow subsequent self-assembly of a charged d® or d'°
metal complex aggregate, and

b) measuring optical properties of the charged d® or d'°
metal complex aggregate.

46. A kit for use in detecting nucleic acid enzymatic cleav-
age, radical damage, or G-quadruplex formation and potas-
sium sensing in a sample comprising:

a) a composition that contains a charged d® or d'° metal
complex as set forth in claim 2, wherein the metal com-
plex electrostatically binds to the nucleic acid to induce
aggregation and self-assembly of the d® or d'® metal
complex through metal-metal interactions and/orxt . . .
interactions, and

b) instructions for use.

47. An assay method for detecting nucleic acid enzymatic
cleavage, radical damage, or G-quadruplex formation and
potassium sensing in a sample comprising:

a) combining a charged d® or d*° metal complex as set forth
in claim 3, wherein the metal complex contains at least
one transition metal and at least one corresponding coor-
dinating ligand, with the sample potentially containing
the target nucleic acid under conditions effective to
allow the d® or d'° metal complex and the nucleic acid to
bind to each other by electrostatic interactions, and to
allow subsequent self-assembly of a charged d® or d'°
metal complex aggregate, and

b) measuring optical properties of the charged d® or d'°
metal complex aggregate.

48. A kit for use in detecting nucleic acid enzymatic cleav-
age, radical damage, or G-quadruplex formation and potas-
sium sensing in a sample comprising:

a) a composition that contains a charged d® or d'° metal
complex as set forth in claim 3, wherein the metal com-
plex electrostatically binds to the nucleic acid to induce
aggregation and self-assembly of the d® or d'® metal
complex through metal-metal interactions and/orxt. . .
interactions, and

b) instructions for use.
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