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Abstract: Single-stranded DNA (aptamer) can specifically bind potassium ions or human o-thrombin. When
binding takes place, the aptamer undergoes a conformational transition from an unfolded to a folded
structure. This conformational change of the negatively charged oligonucleotide can be detected by adding
a water-soluble, cationic polythiophene derivative, which transduces the new complex formation into an
optical (colorimetric or fluorometric) signal without any labeling of the probe or of the target. This simple
and rapid methodology has enabled the detection of human thrombin in the femtomole range. This new
biophotonic tool can easily be applied to the detection of various other proteins as well as being useful in
the high-throughput screening of new drugs.

Introduction detected by using fluorescence (e.g., molecular beadeéhsr
quartz microbalandé. However, in most cases, these methods
involve a tagging process or sophisticated experimental tech-
niques. It is worth noting that labeling with various functional
groups may even compromise the binding properties of the
aptamers.

In this respect, we describe here the use of a water-soluble
d cationic polythiophene as a “polymeric stain” that can specif-

ically transduce the binding of an aptamer to its target into a
h clear optical (colorimetric or fluorometric) signal. This simple,
rapid, sensitive, and selective methodology does not require any
chemical modification on the probes or the analytes and is based
on different electrostatic interactions and conformational struc-
tures between a cationic poly(3-alkoxy-4-methylthiophene)
derivative and anionic single-stranded oligonucleotides. For
instance, this method can specifically detect as little as 2
10715 mol of human thrombin in few minutes and could be
easily adapted for many other chemical or biochemical targets.

Intense research activities are carried out worldwide to
develop rapid, simple, specific, and sensitive detection tools for
medical diagnostics and biomedical research applications.
Fundamentally, most analytical tests and immunoassays rely on
molecular recognition and its transduction into a measurable
output. Among all possible molecular recognition elements,
artificial nucleic acid ligands (aptamers) have recently attracte
a lot of interest due to their capability to bind various metal
ions, amino acids, drugs, proteins, and other molecules witl
high affinity and specificity:~* Aptamers are usually isolated
from combinatorial libraries of synthetic nucleic acids by an
iterative process of adsorption, recovery, and amplification
(coined as SELEX for systematic evolution of ligands by
exponential procedure). Aptamer-based ligands are certainly,
highly promising candidates for the specific detection of various
molecules but can also be used in competition binding assays
to identify compounds that are capable of displacing the
aptamers from their targets for high-throughput screening Results and Discussion
assay<.However, as mentioned above, all these approaches also
require adequate transducing (i.e., reporting) elements to gener-
ate a physically measurable signal from the recognition event.
For example, binding of an aptamer to a target protein has bee

The cationic, water-soluble, electroactive, and photoactive
polymer 1 (Figure 1) was synthesized according to recently
published proceduré8. As most poly(3-alkoxy-4-methyl-
n
thiophene)48-19 polymer1 exhibits chromic properties (color
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Figure 2. Principle of specific detection of potassium ions.
Figure 1. (A) Photographs and (B) UVvis absorption spectra of polymer Quadruplex structure of )
1 (2.9 x 10 mol on a monomer unit basis) in the presence of X1 (1.9 thrombin aptamer  Human o-thrombin  Catignic polymer |
10719 mol of the 15-mer) and different salts in 10Q of water, at 25°C. '\ /!
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with a maximum of absorptionfay at 402 nm (illustrations a

potassium cation was first selected because of its known folding-
inducing properties for several classes of nucleic atidsAs s
= )
in both panels of Figure 1). —

shown in Figure 1, an aqueous solution of polyrhés yellow

This absorption maximum at a relatively short wavelength s Fom of
should be related to a random-coil conformation of the poly- emnepmer S
thiophene derivative, as any twisting of the conjugated backbone Non-Specific protein

leads to a decrease of the effective conjugation leHy#hred (e B

color amax = 527 nm) was observed in the presence of LiCl Figure 3._ Schematic description of_ the specific detegtio_n of human
(ilustrations b in both panels of Figure 1), NaCl (illustrations o-thrombin by use of ss-DNA thrombin aptamer and cationic polymer
c in both panels of Figure 1), or RbCI (illustrations e in both tional change occurs when the aptamer binds to the thrombin
panels of Figure 1) and ss-DNA (X1,-6GTTGGTGTGGT- molecule. Both NMR® and X-ray diffraction studie4 have
TGG-3). This red shift is related to a stoichiometric complex- revealed that the aptamer adopts a compact unimolecular
ation between unfolded anionic ss-DNA and the cationic quadruplex structure with two G-quartets. Therefore, as shown
polythiophene derivative (Figure 2, path A). Such stoichiometric in Figure 3, the specific detection of humarthrombin could
polyelectrolyte complexes tend to be insoluble in the medium be realized due to the formation of a quadruplex structure of
in which they are forme&® These red-violet (probably formed  the aptamer (X1).
from planar polymer chains) aggregates show an absorption Accordingly, the 1:1:1 complex between polynigroligo-
spectrum like that obtained in the solid state. However, the nucleotide X1, and thrombin has the same orange color and
optical properties (illustrations d in both panels of Figure 1) UV—vis absorption spectrum (Figure 4, spectrum b) as that
are different when potassium ions are present. The formationinduced by K. The thrombin promotes the formation of
of quadruplex state of oligonucleotide X1 stabilized by K  quadruplex form of thrombin aptamer and the cationic polymer
allows polymerl to wrap this folded structure (Figure 2, path 1 wraps this quadruplex structure, which seems to partially
B) through electrostatic interactions. Moreover, similar results hinder the aggregation and planarization of the positively
were observed when the chloride counterion was replaced bycharged polymed in the presence of ssDNA X1 (Figure 3,
bromide or iodide anion, indicating the specificity of the path A). It is worth noting that only the stoichiometry of the
detection toward potassium cations. aptamer (in terms of negative charges) and of polythén

As a second example, the humarthrombin was selected  terms of positive charges) has to be balanced, whereas an excess
since X1 (3-GGTTGGTGTGGTTGG-3 is also known to be of thrombin does not influence its detection. To verify the
a specific binding sequence (i.e., an aptamer) for this protein, specificity of the detection, two control experiments with a
whereas another oligonucleotide (X2,GGTGGTGGTTGTG-
GT-3) is known to be a nonbinding sequerfééA conforma-

(22) Bock, L. C.; Griffin, L. C.; Latham, J. A.; Vermaas, E. H.; Toole, J. J.
Nature 1992 355, 564.
(23) Wang, K. Y.; McCurdy, S.; Shea, R. G.; Swaminathan, S.; Bolton, P. H.
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200Q 122, 3240. (24) Padmanabhan, K.; Padmanablan, K. P.; Ferrara, J. D.; Sadler, J. E.; Tulinsky,
(21) Ueyama, H.; Takagi, M.; Takenaka,J5Am. Chem. So2002 124, 14286. A. J. Biol. Chem.1993 268 17651.
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human thrombin/specific thrombin DNA aptamer (X1)/polynir (c)
mixture of human thrombin/nonspecific thrombin DNA aptamer (X2)/
polymer 1; (d) mixture of BSA/specific thrombin DNA aptamer (X1)/
polymer 1.
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Figure 5. Fluorescence spectra of (a) polynigib) human thrombin/X1/
polymer 1 complex, (¢) human thrombin/X2/polymé@rmixture, and (d)
X1/polymer1 complex in water, measured at°’6.

nonbinding sequence (X2) (Figure 4, spectrum c¢) and BSA
(bovine serum albumin) (Figure 4, spectrum d) were carried a concentration of 1x 10711 M in 200 uL) of the human
out under identical conditions. In both cases, an important red o-thrombin was obtained. Moreover, an optimized fluorescence
shift toward lower energyltax = 505 nm) was observed and  detection based on a high-intensity blue diode (as the excitation
the color of these solutions were red-violet, a typical color of source) and a nondispersive, interference filter-based system
the planar and highly conjugated structure of the polythiophene should yield even more sensitive detection capability, and these
backbone when mixed with unfolded ssDNA (Figure 3, path approaches will be tested soon.
B). The detection limit by this colorimetric method is about 1
x 107 mol of thrombin in a total volume of ca. 1@ (which
gives a concentration of aboutd 1077 M). In conclusion, a new selective and highly sensitive method
Interestingly, the fluorescent properties of anionic or cationic (as few as 2« 10715 mol) of detection of the humam-thrombin
conjugated polymers can be utilized to detect very small has been developed by using hybrid anionic aptamer/cationic
quantities of analytes in aqueous solutidhs?25-34 A fluoro- polythiophene complexes. This rapid, specific, sensitive, and
metric detection of the thrombin aptamer binding to the human versatile approach does not require any chemical modification
o-thrombin is possible because the fluorescence of poly(3- on the probes or the analytes and is based on conformational
alkoxy-4-methylthiophene) is quenched in the planar, aggregatedmodifications of the conjugated backbone of a cationic poly-
form.15-19 The yellow, random-coil form of polymed is (3-alkoxy-4-methylthiophene) when mixed with ss-DNA and a
fluorescent (quantum yield of 0.03, measured against poly- target protein. This procedure could provide an inexpensive

Conclusion

thiophene standartfd (Figure 5, spectrum a) with an emission
maximum at 525 nm.

With use of nonspecific thrombin aptamer (X2) (Figure 5,
spectrum c) or the absence of human thrombin (Figure 5,
spectrum d), the red-violet, highly conjugated form has a much
lower fluorescence intensity and the maximum of emission is
red-shifted fem = 590 nm). However, when the 1:1:1 complex
(human thrombin/specific thrombin DNA aptamer X1/polymer
1) is formed (Figure 5, spectrum b), the resulting orange
intermediate form is less fluorescent than the yellow form but
more fluorescent (ca. a 6-fold increase) than the red-violet form.
This higher intensity (turn-on) of emission could be related to
a partially planar conformation of the polythiophene chain but
with less aggregation of the chaiffsBy use of a standard
spectrofluorometer, a detection limit of>2 10715 mol (this is

(25) McQuade, D. T.; Pullen, A. E.; Swager, T. @hem. Re. 200Q 100, 2537.

(26) Chen, L.; McBranch, D. W.; Wang, H. L.; Helgeson, R.; Wudl, F.; Whitten,
D. G. Proc. Natl. Acad. Sci. U. S.A999 96, 12287.

(27) Fan, C.; Plaxco, K. W.; Heeger, A.J.Am. Chem. So2002 124, 5642.
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2002 14, 10011.
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Sci. U.S.A2003 100, 10170.
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2003 14, 1626.
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means for the rapid detection and identification of various target
proteins (including pathogenic proteins) as well as interesting
tools for high-throughput screening for drug discovery. Exten-
sion toward multiparametric solid-state analyses are also possible
and will be tested in the near future.

Experimental Section

UV —Vis Measurements All UV —vis absorption spectra were taken
on a Hewlett-Packard (model 8452A) spectrophotometer.

(a) Detection of Cations.In a quartz cuvette with an optical path
length of 1.0 cm, 4L [2.9 x 10° mol (based on negative charges)]
of 15-mer X1 was added to 1Q0. of the aqueous solution of a given
alkali metal cation (10 mM) (chloride salts), followed by [2.9 x
10-° mol (based on positive charge)] of solution of the cationic polymer
1. All UV —vis absorption spectra were recorded at room temperature.

(b) Detection of Humana-Thrombin. In a 1.0 cm path length UV
quartz cell, 1.9x 107° mol of humana-thrombin (purchased from
Haematologic Technologies Inc., and the initial concentrated solution
of thrombin was diluted with sterilized water to obtain the appropriate
concentration) and 2.% 10°° mol (based on monomeric negative
charge or 1.9x 107%° mol of 15-mer) of ss-DNA thrombin aptamer
X1 were mixed in 10QuL of pure water at 25 or 5C (it is worth
noting that the complex polyméyssDNA thrombin aptamer/thrombin
is more stable at 8C than at 25°C), followed by addition of 2.9«
107° mol (based on charge repeat unit) of polyri¢éo form a complex
(1/1/1). Two control experiments were carried out with a nonspecific
sequence X2 and BSA (bovine serum albumin obtained from Sigma),
under identical conditions.
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Fluorescence MeasurementsAll fluorescence spectra were re- used was at 420 nm and the fluorescence emission intensity was
corded on a Carry Eclipse (Varian Inc.) spectrofluorometer. The measured at 584 nm (without recording the entire emission spectrum).
excitation was made at 420 nm. In a 3-mm path length fluorescence
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