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Conjugated polymers have proven utility in a range of biosensor
applications.1-7 Bazan and colleagues have shown, for example,
that a nucleic acid binding cationic conjugated polymer can be used
in a microarray format for the sensitive detection of DNA without
the need for target labeling.1,2 Whitten and colleagues have explored
the effects of sterics, chemical structure, and electronic properties
on the conjugated polymers’ sensory responses through fluorescence
quenching experiments in both solution and solid thin films.3

Typically these sensors rely on signal amplification that occurs when
excitation of the conjugated polymer is transferred to a reporting
dye,4 or via binding-induced changes in the emission of the
conjugated polymer itself.5-7

Motivated by the applications of conjugated polymers in bio-
sensing, several groups have explored the interactions of cationic
polymers or oligofluorenes with biomolecules.8 This includes the
work of Xu et al., who have argued that both electrostatic and
hydrophobic interactions contribute to the formation of complexes
comprising cationic conjugated polymer and PNA/DNA hetero-
duplexes.9-11 Similarly Wang et al.12 have reported that, when
normalized by the number of DNA charge units, single-stranded
DNA is a more effective quencher than the double-stranded DNA
of cationic water-soluble oligofluorenes due to the greater flexibility
and increased hydrophobicity of the former. Here we further explore
this issue by characterizing the interactions of poly[(9,9-bis(6′-
N,N,N-trimethylammonium)hexyl)fluorene-alt-1,4-phenylene]bro-
mide (PFP-Br),13,14 a water-soluble cationic conjugated polymer,
and several other cationic polymers (Figure 1A) with both single-
stranded DNA and various “folded” DNA structures including both
double-stranded DNA and a more complex aptamer fold.

We find that PFP-Br interacts more strongly with single-stranded
DNA than double-stranded DNA. This discrepancy is great enough
that the polymer can open molecular beacons, a class of optically
reporting oligonucleotide hybridization probes that, in the absence
of a binding partner, form a stem-loop structure (Figure 1). With a
fluorophore covalently linked to one terminus and a quencher
covalently linked to the other, molecular beacons do not fluoresce
when in their stem-loop structure.15-20 In the presence of PFP-Br,
however, they fluoresce brightly (Figure 2 top), suggesting that the
polymer preferentially binds to and stabilizes the beacon’s “open,”
single-stranded conformation. Studies employing a series of mo-
lecular beacons differing only in the stabilities of their stems (Figure
1C and Figure S1 in Supporting Information) provide further
evidence in favor of the proposed interaction.21 That is, at a given

concentration of PFP-Br the intensity of the molecular beacon
fluorescence is dependent on the stability of the stem, with more
stable stems leading to reduced emission (Figure 2). This presum-
ably occurs because binding of the PFP-Br to the “open,” single-
stranded molecular beacon must compete with an increasingly
unfavorable opening equilibrium constant, reducing the affinity with
which the polymer binds to the molecular beacon.21
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Figure 1. (A) We have explored the interactions between DNA and various
cationic polymer including poly[(9,9-bis(6′-N,N,N-trimethylammonium)-
hexyl)fluorene-alt-1,4-phenylene]bromide (PFP-Br, a water-soluble cationic
conjugated polymer), and poly(diallyldimethylammonium chloride) (PDDA)
and poly(allylamine hydrochloride) (PAH), both of which are water-soluble
cationic polymers. (B) We have done so in part using molecular beacons a
fluorophore-and-quencher modified DNA sequence containing complemen-
tary termini that forms a stem loop structure. The equilibrium between the
nonfluorescent, stem-loop conformation and an extended conformation is
perturbed when a target binds the latter, leading to an increase in
fluorescence emission. Traditionally the target is a DNA sequence comple-
mentary to the loop sequence. Here, instead, we have monitored the ability
of various cationic polymers to bind and open a set of (C) related molecular
beacons differing only in the sequence, and thus stability, of their stems.
Molecular beacon No. 1 through 3 differ in stability.
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Because the electrostatic attraction between the cationic PFP-
Br and the anionic backbone of the molecular beacon likely also
plays a role in the formation of the proposed complex, we have
investigated the behavior of two other cationic polymers:
poly(diallyldimethylammonium chloride) (PDDA) and poly(al-
lylamine hydrochloride) (PAH). We find, however, that neither
of these polymers enhances the fluorescence of molecular
beacons despite the fact that their charge densities are, respec-
tively, 8 and 10 times that of PFP-Br (Figure 2). Thus,
electrostatic attraction alone appears insufficient to generate the
observed binding between the water-soluble conjugated polymer
and single-stranded DNA.

Studies of the interaction of linear DNA with PFP-Br provide
further evidence that the conjugated polymer binds preferentially
to single-stranded DNA. To test this, we tagged both single-
and double-stranded DNA with the luminescent chromophore,
Cy3, allowing us to monitor interactions with the conjugated
polymer via FRET from it to the dye. Energy transfer from PFP-
Br to Cy3-modified, double-stranded DNA is less efficient than
the energy transfer process from PFP-Br to the equivalently
modified single-stranded DNA (solid curves in Figure 3).
Consistent with this, the ability of PFP-Br to open molecular
beacons is not inhibited by the presence of a 10-fold excess of
double-stranded DNA (Figure S2 in Supporting Information).
These results confirm that PFP-Br binds more tightly to single-
stranded DNA than to double-stranded DNA (Figure S3 in
Supporting Information).

PFP-Br is significantly more hydrophobic than either PDDA
or PAH (Figure 1A), suggesting that hydrophobic interactions
likely play an important role in the formation of the proposed

complexes with DNA. That is, the observation that single-
stranded DNA is more flexible and exposes significantly more
hydrophobic surface than double-stranded DNA12 suggests a
mechanism by which the conjugated polymer might preferentially
bind to the single-stranded form. If this hypothesis is true,
reduction of the hydrophobic interactions between PFP-Br and
DNA should therefore reduce the affinity between the conjugated
polymer and single-stranded DNA. Consistent with this predic-
tion, the presence of 10% N-methyl-pyrrolidone (NMP) reduces
the efficiency of energy transfer from PFP-Br to Cy3-modified,
single-stranded DNA (Figure 3). Indeed, under these conditions
transfer to Cy3-modified, double-stranded DNA is a bit more
efficient than to the equivalent single-stranded DNA (dashed
curves in Figure 3), presumably because, when the hydrophobic
interactions are weakened, the greater charge density of double-
stranded DNA causes a corresponding increase in the electrostatic
attraction to the cationic PFP-Br. Likewise, we do not observe
any change in molecular beacon fluorescence when PFP-Br is
added in the presence of 10% NMP (Figure S4 in Supporting
Information). These lines of evidence suggest that the preferential
interaction between PFP-Br and single-stranded DNA is driven
by hydrophobic interactions that are largely abolished with
double-stranded DNA.

PFP-Br also binds single-stranded DNA in preference to more
complex DNA folds. To demonstrate this we have employed
the cocaine-binding aptamer of Stojanovich,22 which we have
cut into two fragments, one of which is tagged with Cy3 (top in
Figure 4). In the absence of cocaine, the two parts largely
dissociate into single-stranded DNA. These reassociate upon
cocaine binding to form a well-folded three-way junction.23 We
find that energy transfer from PFP-Br to Cy3 is more efficient
in the absence of cocaine (solid curves in Figure 4 bottom and
Figure S3 in Supporting Information), again consistent with the
conclusion that PFP-Br binds the two single-stranded aptamer
fragments with greater affinity than it binds the folded three-
way junction. Once again, the addition of 10% NMP greatly
reduces the observed FRET efficiency and again inverts the
pattern: under these conditions the observed FRET is higher to

Figure 2. PFP-Br (top panel) significantly enhances the fluorescence of
molecular beacons, suggesting that this conjugated polymer preferentially
binds to (and thus stabilizes) the open, single-stranded conformation of this
probe; PDDA (middle panel) and PAH (bottom panel), in contrast, do not
produce significantly enhanced fluorescence, suggesting that the electrostatic
attraction is not the only important interaction that regulates the binding
between the water-soluble conjugated polymer and DNA. All experiments
were conducted with the molecular beacons at 96 nM and the polymer at
154 nM. The fluorescence spectra are excited at 490 nm with (red) and
without (blue) cationic polymers.

Figure 3. FRET from PFP-Br is more efficient to single-stranded DNA
than double-stranded DNA, indicating the higher affinity binding with the
former (solid curves). The addition of an organic solvent, however, reduces
FRET efficiency to both double-stranded and single-stranded DNA (dashed
curves), presumably because hydrophobic interactions between the conju-
gated polymer and the DNA are reduced. Emission spectra of PFP-Br/DNA
complex by excitation of the polymer PFP-Br (excited at 380 nm) in
nonorganic solvent (solid curves) or in 10% N-methyl-pyrrolidone (dashed
curves).
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the folded DNA than the single-stranded aptamer fragments
(dashed curves in Figure 4 bottom).

In conclusion, water-soluble, cationic conjugated polymer PFP-
Br binds single-stranded DNA with greater affinity than it binds
double-stranded or otherwise “folded” DNAs due to the greater
hydrophobicity of the former. This appears to reflect the greater
hydrophobicity of single-stranded DNA. Consistent with this, two
other, less hydrophobic cationic polymers, PDDA and PAH, do
not exhibit this property. Given that binding-induced changes in
conjugated polymer emission have been used to support a number
of biosensor platforms,1-7,24 these observations suggest there is
potential for this differential affinity to be incorporated into routine
characterization protocols in molecular biology applications.
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Figure 4. PFP-Br preferentially binds single-stranded DNA relative to more
complex DNA folds. To demonstrate this we have employed an aptamer
sequence split into two fragments. In the absence of its binding partner,
cocaine, the two parts dissociate into single-stranded DNA, leading to
enhanced interactions with PFP-Br and efficient FRET from conjugated
polymer to an attached dye. Upon cocaine binding, the two single-stranded
elements associated to form a folded aptamer, leading to reduced fluores-
cence (solid curves). In 10% NMP, however, (dashed curves), this effect is
largely eliminated.
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