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Abstract: Fluorescence spectra show that excitation of the cationic water-soluble conjugated polymer poly-
{(1,4-phenylene)-2,7-[9,9-bis(6′-N,N,N-trimethylammonium)-hexyl]fluorene diiodide} (1) results in inefficient
fluorescence resonance energy transfer (FRET) to ethidium bromide (EB) intercalated within double-stranded
DNA (dsDNA). When fluorescein (Fl) is attached to one terminus of the dsDNA, there is efficient FRET
from 1 through Fl to EB. The cascading energy-transfer process was examined mechanistically via
fluorescence decay kinetics and fluorescence anisotropy measurements. These experiments show that
the proximity and conformational freedom of Fl provide a FRET gate to dyes intercalated within DNA which
are optically amplified by the properties of the conjugated polymer. The overall process provides a substantial
improvement over previous homogeneous conjugated polymer based DNA sensors, namely, in the form
of improved selectivity.

Introduction

Methods for DNA detection are important to disease diag-
nosis, for gene-targeted drugs, and as general molecular biology
tools.1-3 Most available methods involve hybridization of target
DNA with a specific base sequence labeled with a radioisotope
or a fluorophore.4,5 Because the detection signals generated by
these methods lack amplification, one needs to rely on poly-
merase chain reaction (PCR) protocols to increase the concen-
tration of specific nucleic acid sequences to detectable levels.6,7

Signal-amplification systems have been developed in response
to this limitation, which include the use of fluorogenic substrate
active enzymes,8,9 modified liposomes,10 and Au nanopar-
ticles.11,12Complex instrumentation, specific reagents, and non-

real-time testing, however, pose challenges for their practical
implementation.

Homogeneous DNA hybridization assays based on fluores-
cence resonance energy transfer (FRET) between energy-/
electron-transfer chromophore pairs are attractive because of
their simplicity of operation and use of standard optical
equipment.13,14 Recently, we reported a DNA sensor in which
water-soluble conjugated polymers enhance the signals of
fluorophore-modified peptide nucleic acids (PNA) and DNA
strands.15 In these systems the conjugated polymer behaves as
a light-harvesting unit which transfers excitations via FRET to
a signaling fluorophore. When using single-stranded DNA
(ssDNA) labeled with a chromophore (C*) as the probe, one
encounters the two situations illustrated in Scheme 1. Scheme
1A shows the situation when the probe ssDNA-C* (shown in
red) finds a complementary ssDNA (shown in green). Because
the dsDNA-C* (dsDNA: double-stranded DNA) is negatively
charged, electrostatic interactions bring it into close proximity
to the cationic water-soluble conjugated polymer (CCP, shown
in blue).16,17 The optical properties of the energy-transfer pair
can be chosen for selective excitation of the CCP and for overlap
between the CCP emission and the absorption of C* (a FRET
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requirement).18,19Combining the distance control by electrostatic
interactions and the optical properties of the interacting partners
gives rise to efficient FRET. Furthermore, that the emission of
C* by FRET from a CCP is considerably more intense than
that obtained by direct excitation at the absorption maximum
of C* demonstrates the optical amplification provided by the
light-harvesting properties of the CCP.20 When a noncomple-
mentary ssDNA (shown in black) is present, Scheme 1B, there
is no hybridization with ssDNA-C* and there is competition
between the unhybridized strands for sites adjacent to the CCP.
FRET is less effective, and one can thus distinguish comple-
mentary and noncomplementary strands by examination of the
C* intensity.

Despite the simplicity of the CCP assay, the screening of the
noncomplementary strand is not complete and a small amount
of FRET to the ssDNA-C* takes place. Residual emission limits
the ability to discriminate complementary from noncomple-
mentary DNA target sequences. These complications can be
circumvented when one uses a neutral ssPNA-C* as the
recognition strand since it does not bind electrostatically to the
CCP in the presence of noncomplementary ssDNA.15aNonethe-
less, there are advantages in using labeled DNA instead of PNA,
as DNA is more straightforward to prepare and DNA/DNA
interactions are better understood than corresponding PNA/DNA
interactions. It seemed plausible that the selectivity in a ssDNA-
based assay could be improved by FRET to an intercalated dye
that is emissive only upon strand-specific DNA hybridization.
In this contribution we not only show that this concept is
effective but provide mechanistic insight into the process by
which excitations are transferred from a CCP to an intercalated
DNA dye.

Results and Discussion

Ethidium bromide (EB) intercalates within the internally
stacked bases of dsDNA, resulting in an increase in its
fluorescence quantum yield.21 Our initial efforts concerned
FRET experiments to EB upon excitation of a CCP. Molecular
structures of the participating reagents are shown in Figure 1,

and relevant absorption and emission spectra are given in Figure
2. Three ssDNA sequences are given: ssDNAP corresponds to
the probe strand, ssDNAC is a strand complementary to ssDNAP,
and ssDNANC is a strand that is not complementary to ssDNAP.
Poly{(1,4-phenylene)-2,7-[9,9-bis(6′-N,N,N-trimethylammonium)-
hexyl]fluorene diiodide} (1), with a molecular weight of 8,600,22

was chosen as the CCP because its emission overlaps the
absorption band of EB. The spectra in Figure 2 were collected
in a potassium phosphate-sodium hydroxide buffer at concen-
trations used in DNA hybridization protocols.23

Our initial strategy for CCP-sensitized EB emission is
illustrated in Scheme 2. A mixture of1, EB, and ssDNAP is
mixed with an unknown ssDNA target. If the two ssDNAs are
complementary (Scheme 2A), DNA duplex formation would
ensue, EB would intercalate within the dsDNA, and electrostatic
forces would bring the dsDNA/EB macromolecule within close
proximity of the CCP. One would anticipate detecting EB
emission upon FRET sensitization from the CCP. If the target
ssDNA is not complementary (Scheme 2B), the formation of
the dsDNA structure required for EB intercalation would not
take place and no FRET to EB would be detectable. Note that
EB is cationic, and electrostatic repulsion with the CCP is to
be expected.

As shown by Fo¨rster,19b dipole-dipole interactions lead to
long-range resonance energy transfer from a donor chromophore
to an acceptor chromophore. The rate constant for energy
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Scheme 1

Figure 1. Chemical structures of1, EB, and the ssDNAs.

Figure 2. Absorption and fluorescence spectra of1 (abs, a; em, b) and
EB/dsDNA (ssDNAP + ssDNAC) (abs, c; em, d) in potassium phosphate-
sodium hydroxide buffer solution (50 mM, pH) 7.40).
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transfer (kt(r)) is dependent on the donor-acceptor distance (r),
the orientation factor (κ) and the overlap integral (J), as shown
in

We note that if 1 and EB are the donor and acceptor,
respectively, the distance requirement for energy transfer will
be controlled by the interactions in Scheme 2. The overlap
integral provides the analytical expression for how the spectral
overlap between the emission of the donor and the absorption
of the acceptor influence the rate of transfer. As shown by Figure
2, the molecular components of the assay have been chosen to
satisfy these optical requirements.

Figure 3A shows the emission spectra obtained from solutions
of complementary (ssDNAP + ssDNAC) and noncomplementary
(ssDNAP + ssDNANC) DNA strands in the presence of1 and
EB. Hybridization was confirmed using standard absorption
measurements,15band the excitation wavelength was chosen near
the absorbance maximum of1 (380 nm), where no significant
EB absorption occurs (see Figure 1). Addition of EB and1 ([EB]
) 1.1 × 10-6 M and [1] ) 1.6 × 10-7 M, based on the
concentration of polymer repeat units, RUs) to the DNA

solutions containing dsDNA (ssDNAP + ssDNAC) or ssDNAP

+ ssDNANC ([dsDNA] ) [ssDNAP] ) [ssDNANC] ) 1.0 ×
10-8 M) and subsequent comparison of the resulting fluores-
cence reveals EB emission predominantly when in the presence
of dsDNA. Figure 3B shows that when focusing on the changes
in the emission intensity of the EB, the effect of hybridization
is substantial.24

The FRET efficiency in Figure 3 is not high, especially when
compared to previously reported studies with CCPs and
fluorescein-labeled DNA and PNA.15 We suspect that the low
efficiency is due to the distance (r) and orientation relationships
(κ2) which are found in eq 1.25 One possibility is that charge
alignment along the dsDNA and1 leads to a nonoptimal
(orthogonal) orientation between the transition moment of the
conjugated backbone and that of the intercalated EB. Overall,
the data in Figure 3 show that, as a sensor scheme, this
fluorescence-based assay can discriminate ssDNA from dsDNA,
but it is not very sensitive; the EB emission is not significantly
amplified by FRET from the CCP.

On the basis of the possibility that the low FRET efficiency
is the result of nonoptimized transition dipole alignment, we
introduced a ssDNAP strand with a fluorescein (Fl) attached at
the 5′ terminus (ssDNAP-Fl). Fluorescein, with an absorption
maximum at 488 nm and an emission maximum at 518 nm,
was chosen since its absorption overlaps the emission of118

and because its bioconjugate chemistry with DNA is well-
developed.26 Additionally, based on previous studies,15 it is
known that FRET from1 to Fl-labeled DNA is efficient, perhaps
because the Fl is located at one terminus of DNA and has the
freedom to sample a wider range of orientations. We also note
that the emission of Fl is blue-shifted (84 nm) relative to that
of EB. FRET from1 to Fl, followed by a second FRET to EB,
becomes energetically feasible.27-29
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Figure 3. Emission spectra from solutions containing (solid line)1/dsDNA(ssDNAP + ssDNAC)/EB and (dotted line)1/ssDNAP + ssDNANC/EB: λex )
380 nm; [1] ) 1.6× 10-7 M in RUs; [dsDNA, ssDNAP, or ssDNANC] ) 1.0× 10-8 M; [EB] ) 1.1× 10-6 M. Measurements are in potassium phosphate-
sodium hydroxide buffer solution (50 mM, pH) 7.40). (A) Emission spectra in the 400-700 nm range; (B) emission spectra in the EB region, with
subtraction from the residual emission from1.

Scheme 2

kt(r) ∝ 1

r6
κ

2J(λ) (1)

J(λ) ) ∫0
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FD(λ) εA(λ)λ4 dλ
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From the considerations above, it seemed possible to increase
the EB emission by orchestrating electrostatic interactions and
optical events, as shown in Scheme 3. One begins with a solution
that contains1, ssDNAP-Fl, and EB. Situation A shows that
addition of a complementary target, ssDNAC, results in the
formation of a double helix, dsDNA-Fl (ssDNAP-Fl + ssDNAC),
and the intercalation of EB within the duplex structure.
Excitation of 1 leads to energy transfer from1 to dsDNA-Fl
(ET-1) and then energy transfer from dsDNA-Fl to EB (ET-2).
Emission from the intercalating dye EB should be observed only
under these circumstances. For situation B, when noncomple-
mentary target ssDNANC is present, base-pair hybridization does
not occur, no EB intercalation is possible, and no EB emission
is expected, since the distance between the Fl donor and EB
acceptor remains too large for effective FRET.

Figure 4 contains spectra that support Scheme 3. Only
polymer and fluorescein emission are observed upon excitation
of 1 (380 nm) in a mixture containing1, ssDNAP-Fl, ssDNANC,
and EB. There is no detectable emission from EB under these
conditions, nor is there appreciable emission from Fl if a solution
of ssDNAP-Fl, ssDNANC, and EB is excited at 380 nm (i.e., in
the absence of1). Figure 4 also shows that, in a mixture of1,

dsDNA-Fl, and EB, there is strong EB emission upon excitation
of 1.

Comparison of the spectra presented in Figures 3 and 4
indicates that the Fl improves the overall energy transfer from
1 to EB. Figure 5 shows that excitation (380 nm) of1 in a
solution of1/dsDNA-Fl (ssDNAP-Fl + ssDNAC)/EB results in
emission intensities of EB that are∼8-fold greater than that of
the directly excited (500 nm) EB/dsDNA (ssDNAP + ssDNAC).
Direct excitation of Fl (480 nm), in the absence of1, only
provides an approximate 4-fold sensitization of the intercalated
EB.24 It is also informative that the overall integrated emission
from the acceptor chromophores (Fl+ EB) is approximately
two times larger with the dsDNA-Fl structure than that with
ssDNA-Fl. Altogether, these data show evidence of signal
amplification by FRET from1 to the EB.

Additional experiments optimized the energy transfer by
varying the ratio of EB to1 and dsDNA-Fl (ssDNAP-Fl +
ssDNAC). Figure 6 shows that, at concentrations of [dsDNA-
Fl] ) 1.0× 10-8 M and [1] ) 1.6× 10-7 M, additions of EB
cause a decrease in the emission intensities of1 and fluorescein,

(29) Cardullo, R. A.; Agrawal, S.; Flores, C.; Zamecnik, P. C.; Wolf, D. E.
Proc. Natl. Acad. Sci. U.S.A.1988, 85, 8790.

Figure 4. Emission spectra from solutions (solid line)1/dsDNA-Fl
(ssDNAP-Fl + ssDNAC)/EB and (dotted line) 1/ssDNAP-Fl + ssDNANC/
EB: λex ) 380 nm; [1] ) 1.6× 10-7 M in RUs; [ssDNAP-Fl, ssDNAC, or
dsDNA-Fl] ) 1.0× 10-8 M; [EB] ) 1.1× 10-6 M. Measurements are in
potassium phosphate-sodium hydroxide buffer solution (50 mM, pH)
7.40).

Scheme 3

Figure 5. Emission spectra from solutions (a)1/dsDNA-Fl (ssDNAP-Fl +
ssDNAC)/EB, λex ) 380 nm, (b) dsDNA-Fl (ssDNAP-Fl + ssDNAC)/EB,
λex ) 480 nm, and (c) dsDNA (ssDNAP + ssDNAC/EB, λex ) 500 nm; [1]
) 1.6× 10-7 M in RUs; [dsDNA-Fl or dsDNA]) 1.0× 10-8 M; [EB] )
1.1× 10-6 M. Measurements are in potassium phosphate-sodium hydroxide
buffer solution (50 mM, pH) 7.40).

Figure 6. Emission spectra of1/dsDNA-Fl (ssDNAP-Fl + ssDNAC)/EB
as a function of EB concentration:λex ) 380 nm; [1] ) 1.6 × 10-7 M in
RUs; [dsDNA-Fl] ) 1.0 × 10-8 M; [EB] from 0 to 1.1 × 10-6 M.
Measurements are in potassium phosphate-sodium hydroxide buffer
solution (50 mM, pH) 7.40).
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with a concomitant increase in EB emission intensity. Once the
concentration ratio of EB to dsDNA-Fl reaches approximately
110 (2.75 equiv of EB/(nucleotide base)), the emission intensity
of EB no longer increases.

The EB emission intensity was further optimized by varying
the ratios of1 to EB and dsDNA-Fl. Figure 7 shows the EB
intensity as a function of [1]. In this graph, the emission of EB
was measured and any residual Fl emission was subtracted.24

At a concentrations of [dsDNA-Fl]) 1.0 × 10-8 M and [EB]
) 1.1× 10-6 M, initial additions of1 cause an immediate rise
in the emission intensity of EB. Maximum EB emission intensity
occurs at a near 0.7:1 charge ratio of1 relative to dsDNA-Fl.
We suspect that beyond this point the EB is displaced from
dsDNA-Fl by electrostatic repulsion between1 and EB, which
has been observed previously upon interaction of cationic
polyelectrolytes with dsDNA/EB complexes.30,31The displaced
EB is poorly emissive and finds itself too far from dsDNA-Fl
for efficient FRET.

The proposed energy-transfer mechanism was examined using
fluorescence decay kinetics. The fluorescence lifetime measured
for 1 in the presence of dsDNA was approximately 240 ps.
Unfortunately, this time scale is near our instrument detection
limits. Any shortening of the lifetime due to FRET could not
be measured with a high degree of accuracy. Instead, we focused
on the fluorescence decay of the dsDNA-bound fluorescein upon
excitation of 1 with 400 nm laser pulses. The fluorescence
lifetime at 520 nm of fluorescein in1/dsDNA-Fl is ap-
proximately 930 ps (Figure 8). Direct excitation of fluorescein
at 400 nm does not result in measurable emission; thus any
measured emission in1/dsDNA-Fl solutions is a result of FRET
from 1. For 1/dsDNA-Fl/EB, the lifetime of fluorescein
decreases to 315 ps (Figure 8). This decrease in lifetime is due
to the efficient FRET from fluorescein to EB and provides
unambiguous evidence for the proposed energy-transfer se-
quence.

Fluorescence anisotropy measurements provide further in-
formation on the mechanism of energy transfer. The two

predominant mechanisms for loss of anisotropy are rotational
motion18 and energy transfer, either degenerate, among conju-
gated segments, or to a lower energy site. For a1/dsDNA
solution, an anisotropy value of 0.12 at 460 nm is observed
(Figure 9a). These data do not allow deconvolution of the extent
that molecular motion and intrachain energy transfer participate
in lowering the initial anisotropy. However, similar anisotropy
values have been reported for poly(phenylene ethynylene)
derivatives with slow rotational motion and facile intrachain
energy migration.32

The introduction of fluorescein and EB to the interpolyelec-
trolyte complex,1/dsDNA-Fl/EB, results in an increase in the
measured anisotropy (ra ) 0.33 at 460 nm) in the spectral region
where1 is emissive (Figure 9b). Since the presence of Fl and
EB does not significantly change the size of the complex, we
attribute the increase in anisotropy (Figure 9a vs 9b) to the
energy-transfer processes from1 to Fl and EB. Energy transfer
will result in a decrease in the measured lifetime of the donor
chromophore.18 With decreasing lifetime, processes that can
randomize the orientation of the emitting dipoles (i.e. molecular

(30) Izumrudov, V. A.; Zhiryakova, M. V.; Goulko, A. A.Langmuir2002, 18,
10348.

(31) Bronich, T. K.; Nguyen, H. K.; Eisenberg, A.; Kabanov, A. V.J. Am. Chem.
Soc. 2000, 122, 8339.

(32) Rose, A.; Lugmair, C. G.; Swager, T. M.J. Am. Chem. Soc.2001, 123,
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Figure 7. Emission intensity of EB at 590 nm from1/dsDNA-Fl (ssDNAP-
Fl + ssDNAC)/EB as a function of [1]: λex ) 380 nm; [dsDNA-Fl]) 1.0
× 10-8 M; [EB] ) 1.1 × 10-6 M; [1] ) from 0 to 2.0× 10-7 M in RUs.
Measurements are in potassium phosphate-sodium hydroxide buffer
solution (50 mM, pH) 7.40).

Figure 8. Fluorescence decay of fluorescein recorded at 520 nm for (a)
1/dsDNA-Fl (ssDNAP-Fl + ssDNAC), (b) 1/dsDNA-Fl (ssDNAP-Fl +
ssDNAC)/EB, and (c) the instrument response function (IRF):λex ) 400
nm; [dsDNA-Fl] ) 1.0 × 10-7 M; [EB] ) 1.1 × 10-5 M; [1] ) 1.6 ×
10-6 M in RUs. Measurements are in potassium phosphate-sodium
hydroxide buffer solution (50 mM, pH) 7.40).

Figure 9. Fluorescence anisotropy of (a)1/dsDNA(ssDNAP + ssDNAC)
and (b) 1/dsDNA-Fl (ssDNAP-Fl + ssDNAC)/EB as a function of
wavelength:λex ) 380 nm; [dsDNA-Fl or dsDNA]) 1.0× 10-8 M; [EB]
) 1.1 × 10-6 M; [1] ) 1.6 × 10-7 M in RUs. Measurements are in
potassium phosphate-sodium hydroxide buffer solution (50 mM, pH) 7.40).
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rotation, intrachain energy transfer, etc.) become less influen-
tial.33

An anisotropy value near zero (ra ) 0.022 at 530 nm) is
observed in the emission range of fluorescein, consistent with
a chromophore that can achieve a random orientation within
the lifetime of its excited state. Tethered fluorescein molecules
typically have rotational time scales which can be over an order
of magnitude faster than their measured lifetime leading to little
observable anisotropy.33,34 Figure 9b also shows a negative
fluorescence anisotropy in the region where EB is emissive
(550-650 nm), which implies an angle greater than 54.7°
between the transition moments of1 and EB. This angle
corresponds to the situation where the anisotropy equals zero
and is often referred to as the “magic angle”.18

Taken together, the data in Figure 9 are consistent with the
proposed two-step energy-transfer mechanism. Indeed, the
negative anisotropy (Figure 9b,λ > 550 nm) strongly suggests
that the inefficient transfer from1 to EB observed in Figure 3
is due to a nonoptimized transition dipole orientation and to a
rigid interpolyelectrolyte complex that experiences little rota-
tional freedom within the excited-state lifetimes of the emissive
species. The conformational freedom of fluorescein thus serves
as a gate for FRET from1 to the intercalated EB.

Conclusion

In summary, we have shown that it is possible to take
advantage of fluorescein attached at a DNA terminus as a
fluorescence resonance gate for transferring conjugated polymer
excitations to dyes intercalated within dsDNA. Such gate effects
are expected for other dyes. Since the net overlap integral
between1 and EB does not change upon Fl attachment to DNA,
we suspect that the increased FRET efficiency from1 to EB is
a result of a closer proximity between Fl and1 and the increased
conformational freedom of Fl, relative to EB. We note that both
EB and1 are positively charged, and thus electrostatic repulsion
between the two molecules should be expected. EB is wedged
within DNA and experiences little independent mobility. Fl, at
the end of the dsDNA, can sample multiple orientations within
the excited-state lifetime of1 and can therefore optimize the
orientation of its transition moment for FRET with1. Once the
excitation is located on Fl, a second FRET process, from Fl to
EB takes place. The stepwise energy-transfer process provides
signal amplification of EB emission by the light-harvesting
properties of1.

Experimental Section

The oligonucleotides were purchased from Sigma-Genosys (Wood-
lands, TX). DNA concentrations were determined by measuring the

absorbance at 260 nm in a 200µL quartz cuvette. The probe ssDNAP

or ssDNAP-Fl was mixed with an equal molar amount of the
complementary strand ssDNAC or with a noncomplementary strand
ssDNANC in buffer solution (0.1 M NaCl+ 0.01 M sodium citrate).
Both complementary and noncomplementary samples were annealed
at 2 °C below the melting temperatureTm (58.5 °C) for 25 min and
then slowly cooled to room temperature. FRET experiments were done
by two ways: (a) the dsDNA or ssDNAP + ssDNANC ([dsDNA or
ssDNA] ) 1.0× 10-8 M) were mixed with1 ([1] ) 1.6× 10-7 M) at
room temperature in the buffer solution, successive additions of EB
were performed, and the fluorescence spectra were measured; (b) the
dsDNA or ssDNAP + ssDNANC ([dsDNA or ssDNA] ) 1.0 × 10-8

M) were mixed with EB ([EB]) 1.1× 10-6 M) at room temperature
in a buffer solution, successive additions of1 were performed, and the
fluorescence spectra were measured. The buffer solution was potassium
phosphate-sodium hydroxide (50 mM, pH) 7.40). Water was purified
using a Millipore filtration system. The synthesis of1 is available in
the literature.22

The fluorescence anisotropy values (ra) for 1 and energy-transfer
components (fluorescein and EB) were determined by exciting polymer
1 with linearly polarized light and analyzing the depolarization of the
fluorescence at different wavelengths corresponding to the respective
chromophores (1, fluorescein, or EB). Fluorescence measurements used
a 3 mL quartz cuvette and a PTI Quantum Master fluorometer equipped
with a Xenon lamp excitation source.

Fluorescence lifetime measurements have been performed using a
time-correlated single-photon-counting (TCSPC) technique.35 The emis-
sion was excited by laser pulses with a wavelength of 400 nm and
duration of nearly 120 fs, produced via the second harmonic generation
process from the output of an ultrafast Ti:sapphire regenerative amplifier
(Spectraphysics Spitfire). The luminescence was dispersed in a
spectrometer and detected by a microchannel-plate photomultiplier tube
(MCP PMT; Hamamatsu R3809U-51). MCP PMT output and triggering
signal from a fast photodiode were connected to a SPC-300 TCSPC
board (Beker & Hickl) which performed the statistical analysis of the
photon flux and restored the fluorescence transients. TCSPC data were
filtered numerically to remove electrical ringing noise and were
deconvoluted from the instrument response. Instrument response was
measured using the signal generated by a nonluminescent scattering
sample at the excitation wavelength.
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