CHEMISTRY

A EUROPEAN JOURNAL

Optical Sensors Based on Hybrid DNA/Conjugated
Polymer Complexes

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim DOI: 10.1002/chem.200400537 Chem. Eur. J. 2005, 11,1718 -1724




CONCEPTS

Optical Sensors Based on Hybrid DNA/Conjugated Polymer Complexes

Hoang-Anh Ho, Maité Béra-Abérem, and Mario Leclerc*!!

-

Abstract: Single-stranded DNA (ss-DNA) can speciﬁ-\
cally bind to various targets, including a complementary
ss-DNA, ions, proteins, drugs, and so forth. When bind-
ing takes place, the oligonucleotide probe often under-
goes a conformational transition. This conformational
change of the negatively charged ss-DNA can be detect-
ed by using a water-soluble, cationic polythiophene de-
rivative, which transduces the complex formation into
an optical (colorimetric or fluorometric) signal without
any labeling of the probe or the target. This simple and
rapid methodology has enabled the specific and sensi-
tive detection of nucleic acids and human thrombin.
This new biophotonic tool can easily be applied to the
detection of various other biomolecules and is also
useful in the high-throughput screening of new drugs.

Keywords: conjugated polymers - DNA recognition -
clectrostatic interactions - proteins + sensors )

Introduction

Intense research is being carried out worldwide with the
goal of developing rapid, simple, specific, and sensitive de-
tection tools for medical diagnostics and biomedical re-
search applications.!'! In this regard, many interesting opti-
cal and electrochemical transducers have been recently pro-
posed, including molecular beacons,? derivatized nanoparti-
cles,”! redox-active nucleic acids,* and so forth.’! Howev-
er, most of the available methods have the disadvantage of
requiring the chemical coupling of a photoactive, electroac-
tive, or radioactive tagging agent onto the target or the
probe prior to detection. Along these lines, we recently de-
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veloped a new concept that utilizes a water-soluble, cationic
conjugated polymer as a “polymeric stain” that can specifi-
cally transduce the binding of an appropriate single-stranded
DNA probe (ss-DNA or oligonucleotides) to its target into
a clear optical (colorimetric or fluorometric) signal. This
simple, rapid, sensitive, and selective methodology is based
on conformationally flexible polyelectrolytes and comple-
mentary electrostatic interactions and does not require any
chemical modification on the probes or targets. This new
electrostatic methodology has already enabled the specific
detection of molecules of biological interest at the zepto-
mole level.

Nucleic Acid Detection

The sequence-specific detection of DNA is of central impor-
tance for genetic analysis to diagnose infections and various
genetic diseases. For this purpose, and on the basis of previ-
ous studies on thermochromic, solvatochromic, and affinity-
chromic (changing color upon binding) poly(3-alkoxy-4-
methylthiophene)s,'” we designed and developed the fol-
lowing water-soluble, cationic polymeric transducer,
poly(1H-imidazolium-1-methyl-3-{2-[(4-methyl-3-thienyl)-
oxylethyl} chloride)!*?! (Scheme 1). As expected, the re-
sulting cationic polythiophene derivative is soluble in aque-
ous solutions with a maximum absorption at 397 nm. This
absorption maximum, which is at a relatively short wave-
length, should be related to a random-coil (nonplanar or
nonconjugated) conformation of the polythiophene deriva-
tive, as any twisting of the conjugated backbone leads to a
decrease of the effective conjugation length. In contrast, in
the solid state, the maximum absorption wavelength is locat-
ed at 540 nm that is attributed to an aggregated (planar or
conjugated) form (Figure 1).

As with any water-soluble cationic polyelectrolytes, this
polythiophene derivative can form strong electrostatic com-
plexes with negatively charged oligomers and polymers. As
a proof-of-concept for the electrostatic sequence-specific de-
tection of oligonucleotides, we utilized four different nega-
tively charged oligonucleotides: a capture probe sequence
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Scheme 1. Synthesis of a cationic poly(3-alkoxy-4-methylthiophene).
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circular dichroism measure-
ments, which revealed a right-
handed helical (twisted) orien-
tation of the polythiophene
backbone compatible with the
binding of the polymer to the
negatively charged phosphate

DNA.M

To verify the specificity of
this polymeric optical transduc-
er in the presence of imperfect
or incomplete hybridizations,
two different 20-mer oligonu-
cleotides differing by only one
or two nucleotides (but placed
around the middle of the
ssDNA) were investigated. A
very distinct, stable, and repro-
ducible UV-visible absorption
spectrum is observed in the
case of oligonucleotide target
with two mismatches Y2 (Figur-
e 2Bd) when compared to per-
fect hybridization (Bc). In
some cases, it is even possible
to distinguish only one mis-
match (Figure 2A e and Be).

Fluorometric detection of oli-
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Figure 1. Conformational changes and their corresponding UV-visible absorption spectra of cationic polythio-

phene: a) in an aqueous solution; b) in the solid state.

(X1: 5-CATGATTGAACCATCCACCA-3'), a perfect com-
plementary target (Y1: 3-GTACTAACTTGGTAGGTGGT-
5), a two-mismatch complementary target (Y2: 3'-GTAC-
TAACTTCGAAGGTGGT-Y'), and a one-mismatch comple-
mentary target (Y3: 3-GTACTAACTTCGTAGGTGGT-5').
Upon addition of one equivalent (on a monomer unit basis)
of capture oligonucleotide X1, the yellow polymeric solution
(Figure 2A a and Ba) becomes red (i, =527 nm; Ab and
BD), because of the formation of a so-called duplex between
the polythiophene and the oligonucleotide probe
(Scheme 2). Such stoichiometric (neutral) polyelectrolyte
complexes (coacervates) tend to be insoluble in the medium
in which they are formed. These red-violet aggregates (prob-
ably formed from planar polymer chains) have an absorp-
tion spectrum similar to that obtained in the solid state.
After five minutes of mixing in the presence of one equiva-
lent of the complementary oligonucleotide Y1, the solution
again becomes yellow (4,,,=421 nm, Figure 2Ac and Bc);
this change is presumably caused by the formation of a new
more soluble complex (Scheme 2) between the cationic
polymer and hybridized oligonucleotides. This new negative-
ly charged complex, called a triplex, was characterized by
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800 gonucleotide hybridization is
also possible, since the fluores-
cence of poly(3-alkoxy-4-meth-
ylthiophene)s is quenched in
the planar, aggregated form.!'"!
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Figure 2. A) Photographs of 7.9x 10>y (on a monomeric unit basis) solu-
tions of a) cationic polymer alone, b) polymer/X1 duplex, c) polymer/X1/
Y1 triplex, d)polymer/X1/Y2 mixture, and e) polymer/X1/Y3 mixture
after five minutes of mixing at 55°C in 0.1 NaCl/H,O. B) UV-visible
absorption spectra corresponding to the different assays of photograph
A. Reprinted with permission from reference [11], copyright (2002)
Wiley-VCH.
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Scheme 2. Schematic description of the formation polythiophene/single-stranded nucleic acid duplex and poly-

thiophene/hybridized nucleic acid triplex.

For instance, at 55°C, the yellow form of cationic polythio-
phene is fluorescent (quantum yield of 0.03 with a maximum
of emission at 530 nm, see Figure 3 curve a), but upon addi-
tion of one equivalent of a negatively charged capture oligo-
nucleotide probe X1 the fluorescence intensity decreases

Alnm—os

Figure 3. Fluorescence spectrum of a 2.0x107'M (on a monomeric unit
basis) solution of a)cationic polymer alone, b)polymer/X1 duplex,
c) polymer/X1/Y1 triplex, d) polymer/X1/Y2 mixture, d') polymer/X1/Y2
(100 equivalents) mixture, and e) polymer/X1/Y3 mixture at 55°C, in
10mm Tris buffer containing 0.1m NaCl (pH 8). Reprinted with permis-
sion from reference [11], copyright (2002) Wiley-VCH.

and the maximum of emission is slightly red-shifted
(curve b). When hybridization with the perfect complemen-
tary strand Y1 takes place, the formation of the more solu-
ble and helical polymeric triplex leads to a fivefold rise in
fluorescence intensity (curve c). Interestingly, upon addition
of one (Figure 3 curve d) or even 100 equivalents (curve d')
of the target oligonucleotide with two mismatches Y2, the
fluorescence intensity is not significantly modified. Oligonu-
cleotides with one mismatch can be discriminated (Figure 3
curve e). By measuring the fluorescence intensity at 530 nm
(without recording the entire emission spectrum) with a
dedicated fluorometer, a few hundred copies of either DNA
or RNA were specifically detected.”” The turn-on of the
fluorescence intensity and the good stability of the electro-

Chem. Eur. J. 2005, 11, 17181724 www.chemeurj.org

To further investigate the po-

tential of this new concept, we
used artificial nucleic acid ligands (i.e., aptamers) that are
known to exhibit high affinity and selectivity against a varie-
ty of targets, including ions, small organic molecules, amino
acids, proteins, and so forth. RNA and DNA aptamers are
generally selected and generated by the so-called SELEX
procedure,*' which involves repeated cycles of selection,
recovery, and amplification. The monovalent potassium
cation was our first target, because of its known fold-induc-
ing properties for several classes of nucleic acids.™ In
agreement with our previous results, an aqueous solution of
the polythiophene alone shows a maximum of absorption
(Amax) around 400 nm (illustrations a in both panels of
Figure 4). A red color (4,,,=527 nm) was observed in the
presence of LiCl (illustrations b), NaCl (illustrations c),
RbCl  (illustrationse), and ss-DNA  (X2: §5'-

a b ¢ d e
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a ci+ X2 in MaCl 0.01w
0.31 dj+ X2 in KCI 0.01u

C a)r X2 in ROl 007w

Afnm —

Figure 4. A) Photographs and B) UV-visible absorption spectra of the
cationic polymer (2.9x 10~ mol on a monomer unit basis) in the presence
of X2 (1.9x10"”mol of the 15-mer) and different salts in 100 pL of
water, at 25°C. Reprinted with permission from reference [16], copyright
(2004) American Chemical Society.
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GGTTGGTGTGGTTGG-3'). This red shift is related to a
stoichiometric complexation between unfolded anionic ss-
DNA and the cationic polythiophene derivative (Scheme 3,

‘ Pain B

Polymer 1

Scheme 3. Principle for the specific detection of potassium ions.

path A). However, the optical properties (illustrations d in
both panels of Figure 4) are different when potassium ions
are present. The formation of a quadruplex state of oligonu-
cleotide X2 stabilized by K* allows polythiophene to wrap
this folded structure (Scheme 3, path B) through electrostat-
ic interactions. Moreover, similar results were observed
when the chloride counterion was replaced by a bromide or
an iodide anion, indicating the specificity of the detection
toward potassium cations.®

Protein Detection

realized due to the formation of a quadruplex structure of
the aptamer (X2).

The 1:1:1 complex formed between cationic polymer, ap-
tamer X2, and thrombin has the same orange color and UV-
visible absorption spectrum (Figure 5 curve b) as that in-
duced by K*. The thrombin promotes the formation of
quadruplex form of the thrombin aptamer, and the cationic
polythiophene wraps around this quadruplex structure; this
wrapping seems to partially hinder the aggregation and pla-
narization of the positively charged polymer in the presence
of ssDNA X2 (Scheme 4, path A). It is worth noting that
only the stoichiometry of the aptamer (in terms of negative
charges) and of the polymeric transducer (in terms of posi-
tive charges) has to be balanced, whereas an excess of
thrombin does not influence its detection. In order to
verify the specificity of the detection, two control
experiments with a nonbinding sequence (X3: 5'-
GGTGGTGGTTGTGGT-3"; Figure5 curvec) and BSA
(bovine serum albumin; curve d) were carried out under
identical conditions. In both cases, an important red shift to-
wards the lower energy (4,.,=505nm) was observed, and
the color of these solutions was red-violet, a typical color of
the planar and highly conjugated structure of the polythio-
phene backbone when mixed with unfolded ssDNA
(Scheme 4, path B).

Once again, fluorometric detection of the human a-
thrombin is possible, since the fluorescence of poly(3-
alkoxy-4-methylthiophene) is quenched in the planar, aggre-
gated form. The yellow, random-coil form of polymer is flu-
orescent (Figure 6 curve a) with an emission maximum at
525 nm. With use of non-specific thrombin aptamer (X3)
(curve c) or the absence of human thrombin (curve d), the
red-violet, highly conjugated form has a much lower fluores-
cence intensity and the maximum of emission is red-shifted
(Aem=>590 nm). However, when the 1:1:1 complex (human

A Quadruplex structure Human Cationic
Detection of the human o- of thrombin aptamer / a-thrombin polymer 1
thrombin is also possible using (
the same  strategy, since 7
oligonucleotide X2 (5- +6-ONA Path A § T4

. " ’
GGTTGGTGTGGTTGG-3) is {Thrombin Aplamer) =N " ,;.\- = é .
also known to be a specific cf - ¥
LT

binding sequence (i.e., an ap-
tamer) of this protein.'”? A con-

formational change  occurs =
when the aptamer binds to the
thrombin molecule. Both

NMR!"! and X-ray diffraction
studies!”” have revealed that
the aptamer adopts a compact
unimolecular quadruplex struc-
ture with two G-quartets.
Therefore, as shown in
Scheme 4, the specific detection
of human a-thrombin could be

1722

Falh B

of thrombin aplamer

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

\ @
Non specific /
protein (e.g. BSA)

Free form

Scheme 4. Schematic description of the specific detection of human a-thrombin using ss-DNA thrombin ap-
tamer and cationic polythiophene.
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Figure 5. UV-visible absorption spectra corresponding to the different
assays recorded at 5°C: a) Polymer alone in water; b) Complex(1/1/1):
human thrombin/specific thrombin DNA aptamer (X2)/polymer; c) mix-
ture: human thrombin/nonspecific thrombin DNA aptamer (X3)/poly-
mer; and d) mixture: BSA/specific thrombin DNA aptamer (X2)/poly-
mer. Reprinted with permission from reference [16], copyright (2004)
American Chemical Society.
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Figure 6. Fluorescence spectra of a) polymer, b) human thrombin/X2/
polymer complex, c) human thrombin/X3/polymer mixture, and d) X2/

polymer complex in water, measured at 5°C. Reprinted with permission
from reference [16], copyright (2004) American Chemical Society.

thrombin/specific thrombin DNA aptamer X2/polymer) is
formed (Figure 6 curve b), the resulting orange intermediate
form is less fluorescent than the yellow form, but more fluo-
rescent (ca. sixfold 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 chains. By using a standard
spectrofluorimeter, a detection limit of 2x 107" mol (this is
a concentration of 1x107"'m in 200 uL) of the human a-
thrombin was obtained.['®]

Enantiomer Detection

Finally, as a fourth example, we describe here an easy and
rapid methodology for the enantiomeric resolution of D-
and r-adenosine. This approach is based on the fact that two
stacked G-quartets are formed by mixing p-adenosine to the
aptamer X4 (5-ATTATACCTGGGGGAGTATTGCG-
GAGGAAGGTATAAT-3"), which is not the case with L-ad-
enosine.”

Chem. Eur. J. 2005, 11, 17181724 www.chemeurj.org
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As usual, the cationic polythiophene gives a yellow color
in an aqueous solution with a maximum absorption at
397 nm (Figure 7 curve a). Then, since L-adenosine is not
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Figure 7. UV-visible absorption spectra of a) the cationic polymer (1.08x
1077 mol) in water (200 uL) at 5°C; b) a mixture of L-adenosine (2.9 x
107 mol), DNA p-adenosine aptamer X4 (1.08x 107" mol based on mon-
omeric negative charge or 2.9x 107’ mol of 37-mer) and polymer (1.08x
107" mol based on charge unit) in water (200 uL) at 5°C; and ¢) a mix-
ture of p-adenosine (2.9x107° mol), DNA p-adenosine aptamer X4
(1.08x 10" mol based on monomeric negative charge or 2.9x10~* mol of
37-mer) and polymer (1.08x107" mol based on charge unit) in water
(200 pL) at 5°C.

supposed to induce a conformational change of the aptamer
X4, the cationic polythiophene should bind to the aptamer
and lead to the formation of a duplex. As expected, when
the polymer is put in the presence of both the aptamer X4
and L-adenosine, the aqueous solution becomes red with a
maximum of absorption at 500 nm (Figure 7 curve b). In
contrast, a maximum of absorption at 410 nm (with still a
shoulder near 500 nm) is observed when the cationic poly-
thiophene is added to a solution containing D-adenosine and
its aptamer X4 (curve c).

Since fluorescence spectroscopy is more sensitive than
UV-visible absorption spectroscopy, the emission properties
of the cationic polymer can also be used in this case to
detect small quantities of p-adenosine. The yellow aqueous
solution of the cationic polythiophene is fluorescent with a
maximum of emission at 525 nm (Figure 8 curve a). When -
adenosine is put in presence of aptamer X4, the fluores-
cence of the optical transducer is red-shifted and quenched
(curve b). In the case of the complexation between p-adeno-
sine and the aptamer X4, a partial recovery of the fluores-
cence of the cationic polymer is observed (Figure 8 curve c).
The limit of detection obtained by using a standard spectro-
fluorimeter is about 2x 10™** mole of p-adenosine in a total
volume of approximately 200 uL.

Conclusion

These four examples of specific detections with hybrid
DNA/polythiophene complexes have clearly shown the

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim — 1723
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Figure 8. Fluorescence spectra of a) the cationic polymer (1.08x 107 mol)
in water (200 uL) at 5°C; b) a mixture of L-adenosine (2.9 x10~° mol),
DNA p-adenosine aptamer X4 (1.08 x 10" mol based on monomeric neg-
ative charge or 2.9x10°mol of 37-mer), and polymer (1.08x 107" mol
based on charge unit) in water (200 uL) at 5°C; and c) a mixture of p-ad-
enosine (2.9x 107’ mol), DNA p-adenosine aptamer X4 (1.08x 107" mol
based on monomeric negative charge or 2.9x 10" mol of 37-mer), and
polymer (1.08x 107" mol based on charge unit) in water (200 uL) at 5°C.

great potential of this new, rapid, specific, sensitive, and ver-
satile electrostatic approach. This methodology does not re-
quire any chemical modification of the probes or the analy-
tes and is based on conformational modifications of the con-
jugated backbone of a cationic poly(3-alkoxy-4-methylthio-
phene), when mixed with single-stranded DNA and an ap-
propriate target. This electrostatic concept could therefore
be adapted!:'21%2! to provide various inexpensive means
for the rapid detection and identification of target nucleic
acids, proteins, or other biological molecules as well as inter-
esting tools for high-throughput screening for drug discov-
ery.
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