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A new fluorescence method has been developed for DNA detection at room temperature in a sensitive, selective,
economical, and real-time manner that interfaces the superiority of a molecular beacon in mismatch discrimination
with the light-harvesting property of water-soluble conjugated polyelectrolytes. The probe solution contains a cationic
conjugated polyelectrolyte (PFP-NMe3

+), a molecular beacon with a five base pairs double-stranded stem labeled at
the 5′-terminus with fluorescein (DNAP-Fl), and ethidium bromide (EB, a specific intercalator of dsDNA). The
electrostatic interactions between DNAP-Fl and PFP-NMe3

+ keep them in close proximity, facilitating the fluorescence
resonance energy transfer (FRET) from PFP-NMe3

+ to fluorescein. Upon adding a complementary strand to the probe
solution, the conformation of DNAP-Fl transits into dsDNA followed by the intercalation of EB into the grooves.
Two-step FRET, from PFP-NMe3

+ to DNAP-Fl (FRET-1), followed by FRET from DNAP-Fl to EB (FRET-2) takes
place. In view of the observed fluorescein or EB emission changes, DNA can be detected in aqueous solution. Because
the base mismatch in target DNA inhibits the transition of DNAP-Fl from the stem-loop to duplex structure, single
nucleotide mismatch can be clearly detected.

Introduction
The sequence-specific detection of DNA plays a significant

role in many areas, such as clinical diagnosis, gene expression
analysis, and biomedical studies.1-4 Consequently, various optical
and electrochemical methods have been reported.5-8 Among
them, molecular beacons, which are composed of a hairpin like
DNA stem-loop structure, have been reported to have excellent
specificity in the detection of nucleic acid sequences.9,10 Because
of their superiority in mismatch discrimination, molecular beacons
have been widely used to detect single-nucleotide mismatch and
conformational changes in quantitative PCR11 and microarray-
based biosensors.12-15 Although these methods can achieve
excellent selectivity, their effectiveness is often limited by the
sensitivity of the fluorescent reporter.16 Additionally, the mo-
lecular beacon technique requires doubly labeled DNA probes,
which increases the complexity and cost of probe design. There
is thus a requirement for a sensitive, cost-effective molecular
beacon method for DNA detection.

In recent years, conjugated polyelectrolytes (CPs) that provide
amplified signals of hybridization events have been widely
employed to detect DNA.17-25 In comparison to small-molecule-
based assays, the conjugated polyelectrolytes collect the action
of a large number of absorbing units, and the transfer of excitation
energy along the whole backbone to the chromophore reporter
results in the amplification of fluorescence signals, which
improves the detection sensitivity significantly.26-28 In these
assays, the CPs transduce the hybridization event of single-
stranded probe and a target DNA to the optical signal with high
sensitivity. However, less of them show good selectivity at room
temperature;22,29 that is, a single-nucleotide mismatch in the target
sequence is hardly distinguished as a result of the nonspecific
electrostatic interactions between CPs and the probe DNA. To
improve the selectivity, microspheres, higher temperature, and
PNA probe-assisted DNA detection by using CPs have been
developed;16,30-32 however, they need multiple steps, sophis-
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ticated process, or expensive PNA. Our previous works show
that the single-nucleotide mismatch detection of DNA can be
realized by a DNA conformation transition33 or a fluorescence
melting curve technique.34 However, these methods are used to
probe the G-rich structure, which lacks universality, or are needed
to raise the temperature, which makes the assays cumbersome.
To overcome these disadvantages, recently we used target-induced
DNA strand displacement to improve the selectivity of the CP-
based DNA sensors;35 however, additional endonuclease or
DNAzyme is involved in the detection process, which makes the
assays complex and time-consuming. Recently, a molecular
beacon-poly(phenylene ethynylene) conjugate has been prepared
to detect DNA.19 Herein, we present a new sensitive, selective,
economical, fast fluorescent DNA assay that takes advantage of
the superiority of molecular beacons in mismatch discrimination
and the light-harvesting property of CPs. Our new assay method
guarantees the fast detection of DNA at room temperature with
excellent selectivity because of the conformational constraint of
the stem-loop probe. Furthermore, the use of water-soluble
conjugated polymers imparts high sensitivity to the sensor.

Experimental Section
Materials and Measurements. PFP-NMe3

+ was synthesized
according to the procedure in the literature.36 DNAP-F1 and other
oligonucleotides were purchased from Beijing Sunbiotech Co. Ltd.
Their concentrations were determined by measuring the absorbance
at 260 nm in a 250 µL quartz cuvette. DNAP-Fl was annealed at 80
°C for 20 min and slowly cooled to room temperature to get the
hairpin structure. UV-vis absorption spectra were taken on a Hitachi
U-3010 spectrophotometer. Fluorescence measurements were carried
out in a 3 mL quartz cuvette at room temperature using a Hitachi
F-4500 fluorometer equipped with a xenon lamp excitation source.
All of the spectra were measured in phosphate buffer solution (50
mM, pH 7.8) at an excitation wavelength of 380 nm. Water was
purified using a Millipore filtration system. A DYY-6C electro-
phoresis power supply and a DYCZ-24D polyacrylamide gel
electrophoresis cell (Beijing Liuyi Instrument Factory) were used

in polyacrylamide gel electrophoresis (PAGE) analysis. The images
were recorded by the ChemiDoc XRS system.

DNA Detection. To 1 mL of a phosphate buffer solution (50 mM,
pH 7.8) was added DNAP-Fl, PFP-NMe3

+, and EB ([PFP-NMe3
+]

) 1.0 × 10-6 M in RUs, [DNAP-Fl] ) 2.0 × 10-8 M, and [EB] )
3.0 × 10-6 M) at room temperature, and then ssDNAC ([ssDNAC]
) 2.0 × 10-8 M) was added. After the solution was mixed and
incubated for 2 min, the fluorescence spectra were measured with
an excitation wavelength of 380 nm at room temperature. In the case
of DNA mismatch detection, the assays were performed under the
same conditions as above except that target DNAs with one, two,
and more base mismatchs (named ssDNA1NC, ssDNA2NC, and
ssDNANC, respectively) were used instead of fully matched ssDNAC.

Measurements of Kinetic Structural Transition of DNAP-Fl.
To 1 mL of a phosphate buffer solution (50 mM, pH 7.8) was added
DNAP-Fl, PFP-NMe3

+, and EB ([PFP-NMe3
+] ) 1.0 × 10-6 M in

RUs, [DNAP-Fl] ) 2.0 × 10-8 M, and [EB] ) 3.0 × 10-6 M) at
room temperature. The emission maximum intensity of EB at 602
nm versus time was measured with an excitation wavelength of 380
nm at room temperature. After 50 s, ssDNAC ([ssDNAC] ) 2.0 ×
10-8 M) was injected, and the fluorescence measurement was
continued over a time range of 300 s. The emission maximum intensity
of F1 at 530 nm versus the hybridization time was also measured
with the same procedures as used for EB. The curve of the FRET
ratio (I602 nm/I530 nm) as a function of time was then obtained.

For the mismatched DNAs, the assays were performed under the
same conditions as above except for using target DNAs with one,
two, and more base mismatchs (named ssDNA1NC, ssDNA2NC, and
ssDNANC, respectively) instead of fully matched ssDNAC.

Electrophoresis Analysis. DNAP-Fl samples before and after
hybridization with ssDNAC, ssDNA1NC, ssDNA2NC, and ssDNANC

were respectively loaded onto 15% nondenaturing polyacrylamide
gel in a 1× TBE buffer (8.9 mM tris base, 8.9 mM boric acid, 0.2
mM EDTA, pH 7.9) followed by electrophoresis for 45 min at 100
V. After the gel was stained with SYBR Gold, a photograph was
taken with the ChemiDoc XRS system.

Results and Discussion

Our new assay strategy for DNA detection is illustrated in
Scheme 1. Cationic poly[(9,9-bis (6′-N, N,N-trimethylammo-
nium)hexyl)-fluorenylene phenylene dibromide] (PFP-NMe3

+)36

is used as the conjugated polyelectrolyte in fluorescence resonance
energy transfer (FRET) experiments. The molecular beacon DNA
with a five base pairs double-stranded stem labeled with
fluorescein at its 5′-terminus (DNAP-Fl) acts as the probe. One
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Scheme 1. Schematic Representation of the DNA Detection and Chemical Structures of PFP-NMe3
+, Fluorescein, EB, and the DNAsa

a DNAP-Fl is the probe; ssDNAC is complementary to DNAP-Fl; ssDNA1NC and ssDNA2NC are strands that are complementary to DNAP-Fl with one- and
two-base mismatches (highlighted in purple); ssDNANC is fully noncomplementary to DNAP-Fl.
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begins with a solution that contains the cationic PFP-NMe3
+,

DNAP-Fl, and ethidium bromide.37 (EB is a specific intercalator
of dsDNA.) Electrostatic interactions between DNAP-Fl and PFP-
NMe3

+ keep them in close proximity, facilitating FRET from
PFP-NMe3

+ to fluorescein. Because the double-stranded stem of
DNAP-Fl is very short, EB can hardly intercalate into it. In this
case, one can see only the emission of fluorescein. Upon adding
a complementary strand to the assay solution containing PFP-
NMe3

+, DNAP-Fl, and EB, the conformation of DNAP-Fl transits
into dsDNA. Under theses conditions, the EB can easily intercalate
into the grooves of dsDNA. The excitation of PFP-NMe3

+ at 380
nm leads to two-step FRET: from PFP-NMe3

+ to DNAP-Fl
(FRET-1) and then from DNAP-Fl to EB (FRET-2). Direct FRET
from PFP-NMe3

+ to EB is not favorable because of the
nonoptimized transition dipole orientations between them within
the PFP-NMe3

+/dsDNA(EB) complex.36 Thus, the target DNA
can be detected by fluorescence spectra in view of the observed
fluorescein or EB emission changes in aqueous solutions. It is
noted that the five base pairs double-stranded stem of the DNAP-
Fl probe is necessary for the target DNA assay. When a DNAP-
Fl probe containing a longer double-stranded stem (such as 12
base pairs) was used, the fluorescein or EB emission signal was
hardly distinguished before and after hybridization of DNAP-Fl
with target DNA because the EB could intercalate into the double-
stranded grooves in both cases (Figure S1).

Figure 1a compares the emission spectra of PFP-NMe3
+/DNAP-

Fl/EB ([PFP-NMe3
+] ) 1.0 × 10-6 M in repeat units (RUs),

[DNAP-Fl] ) 2.0 × 10-8 M, and [EB] ) 3.0 × 10-6 M) in
phosphate buffer solution (50 mM, pH 7.8) before and after the
addition of complementary ssDNAC ([ssDNAC] ) 2.0 × 10-8

M). The excitation wavelength was chosen at the absorbance
maximum of PFP-NMe3

+ (380 nm), where no significant
absorption by fluorescein and EB occurs. In the absence of
ssDNAC, only FRET from PFP-NMe3

+ to fluorescein is observed.
Upon adding ssDNAC to the detection solution, the transition
from the stem-loop to duplex structure takes place, followed by
EB intercalation, and emission from EB is obviously observed.
To investigate the dynamic range of the target DNA concentration
in our experiments, the emission spectra of PFP-NMe3

+/DNAP-
Fl/EB with fixed concentrations in phosphate buffer ([PFP-
NMe3

+] ) 1.0 × 10-6 M in RU, [DNAP-Fl] ) 2.0 × 10-8 M,
and [EB] ) 3.0 × 10-6 M) were measured by changing the
concentration of added ssDNAC from 0 to 20 nM at an excitation
wavelength of 380 nm. Figure 1b shows the FRET ratio of EB
to fluorescein emission intensity (I602 nm/I530 nm) as a function of

ssDNAC concentration. As the concentration of ssDNAC increases,
the emission intensity of fluorescein at 530 nm decreases, and
that of EB at 602 nm increases. It is noticeable that as low as
1 nM ssDNAC can obviously be detected using a standard Hitachi
F-4500 fluorometer.

To evaluate the specificity of our assay method, the effect of
base mismatch in the complementary strand on the FRET ratio
(I602 nm/I530 nm) was studied by adding ssDNA1NC, ssDNA2NC,
and ssDNANC to PFP-NMe3

+/DNAP-Fl/EB solutions ([PFP-
NMe3

+] ) 1.0 × 10-6 M in RUs, [DNAP-Fl] ) 2.0 × 10-8 M,
and [EB]) 3.0 × 10-6 M) in phosphate buffer (50 mM, pH 7.8).
As shown in Figure 2a, the FRET ratio (I602 nm/I530 nm) follows
the order ssDNAC > ssDNA1NC > ssDNA2NC > ssDNANC.
Increasing the number of mismatches inhibits the stem-loop to
duplex structure transition of the DNAP-Fl probe. This inhibition
results from the conformational constraint of DNAP-Fl, in which
the presence of the stem makes it thermodynamically unfavorable
for the binding of the mismatched sequence to the loop.10 Figure
2b shows the images of PFP-NMe3

+/DNAP-Fl/EB solutions
before and after adding ssDNAC, ssDNA1NC, ssDNA2NC, and
ssDNANC that were dropped onto a glass slide under UV light
with excitation at 365 nm. The base mismatch could be clearly
distinguished with different emission colors. These results
undoubtly demonstrate that the new assay method has excellent
selectivity and the single-nucleotide mismatch can be clearly
detected in target DNA in aqueous solutions. The electrophoresis
analysis was performed using a 15% nondenaturing polyacry-
lamide gel. As shown in Figure 2c, DNAP-Fl itself moves as a
single band, and the addition of fully complementary ssDNAC

yields one slowly moving band, which indicates that the
hybridization of DNAP-Fl with ssDNAC forms a more stable
DNAP-Fl/ssDNAC duplex. It is noted that the intensity of the
duplex band decreases as the number of mismatched bases in
target DNA increases. These results also show that increasing
the number of mismatches inhibits the stem-loop to duplex
structure transition of the DNAP-Fl probe, which clearly proves
the results of fluorescence experiments.

The effect of base mismatch in the complementary strand on
the kinetic structural transition of DNAP-Fl was studied. In these
experiments, the four phosphate buffer solutions (50 mM, pH
7.8) containing PFP-NMe3

+, DNAP-Fl, and EB ([PFP-NMe3
+]

) 1.0 × 10-6 M in RUs, [DNAP-Fl] ) 2.0 × 10-8 M, and [EB]
) 3.0 × 10-6 M) were prepared at room temperature. After
being incubated for 50 s, ssDNAC, ssDNA1NC, ssDNA2NC, and
ssDNANC were injected into above solutions, respectively. The
FRET ratio (I602 nm/I530 nm) was then measured over a period of
0-300 s. As shown in Figure 3, the structural transition process

(37) Wang, S.; Gaylord, B. S.; Bazan, G. C. J. Am. Chem. Soc. 2004, 126,
5446.

Figure 1. (a) Fluorescence spectra of DNAP-Fl in the presence of PFP-NMe3
+ and EB before and after the addition of ssDNAC in phosphate buffer

(50 mM, pH 7.8). [PFP-NMe3
+] ) 1.0 × 10-6 M RUs, [EB] ) 3.0 × 10-6 M, and [DNAP-Fl] ) [ssDNAC] ) 2.0 × 10-8 M. (b) FRET ratio as

a function of ssDNAC concentration. [PFP-NMe3
+] ) 1.0 × 10-6 M RUs, [EB] ) 3.0 × 10-6 M, [DNAP-Fl] ) 2.0 × 10-8 M, and [ssDNAC] )

0-2.0 × 10-8 M. The excitation wavelength is 380 nm. Error bars represent the stardard deviation of three experiments.

12140 Langmuir, Vol. 24, No. 21, 2008 Letters



of DNAP-Fl is very quick, and the FRET ratio (I602 nm/I530 nm)
rapidly reaches a plateau within ∼4 min. The transition rate
follows the order ssDNAC > ssDNA1NC > ssDNA2NC > ssD-
NANC. The kinetic measurements thus make it possible to probe
the transition from stem-loop to duplex structure and detect target
DNA with single-nucleotide mismatch discrimination in real
time.

In conclusion, a new sensitive, selective, economical, fast
fluorescence method has been developed for DNA detection that
interfaces the superiority of a molecular beacon in mismatch
discrimination with the light-harvesting property of water-soluble
conjugated polyelectrolytes. A single-nucleotide mismatch can
be clearly detected in target DNA. The new method does not
require any denaturation steps and exhibits fast DNA detection
at room temperature with excellent selectivity. The detec-
tion can be carried out under UV light, and no expensive detection
instrumentation is needed. In comparison to the established
molecular-beacon-based DNA detection systems, this technique
requires only one fluorescent label on the probe. Additionally,
the amplification of fluorescence signals from CCPs improves
the detection sensitivity. Thus, the technique based on a conjugated
polyelectrolyte and a molecular beacon is very promising for
DNA detection with high sensitivity and selectivity.
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Supporting Information Available: Fluorescence spectra of
DNAP-Fl containing a 16 base pairs double-stranded stem in the presence
of PFP-NMe3

+ and EB before and after the addition of complementary
DNA in phosphate buffer. This material is available free of charge via
the Internet at http://pubs.acs.org.

LA802932T

Figure 2. (a) FRET ratio (I602 nm/I530 nm) of PFP-NMe3
+/DNAP-Fl/EB solutions in phosphate buffer (50 mM, pH 7.8) upon adding ssDNAC, ssDNA1NC,

ssDNA2NC, and ssDNANC. [PFP-NMe3
+] ) 1.0 × 10-6 M in RUs, [DNAP-Fl] ) [ssDNAC] ) [ssDNA1NC] ) [ssDNA2NC] ) [ssDNANC] ) 2.0 ×

10-8 M, and [EB] ) 3.0 × 10-6 M. The excitation wavelength is 380 nm. Error bars represent the stardard deviation of three experiments. (b) Images
of PFP-NMe3

+/DNAP-Fl/EB solutions before and after adding ssDNAC, ssDNA1NC, ssDNA2NC, and ssDNANC that were dropped onto a glass slide
under UV light with excitation at 365 nm. (c) Electrophoresis analysis of DNAP-Fl before and after adding ssDNAC, ssDNA1NC, ssDNA2NC, and
ssDNANC.

Figure 3. FRET ratio of I602nm/I530nm against the incubation time of
DNAP-Fl with its complementary ssDNAC and noncomplementary
ssDNA1NC, ssDNA2NC, and ssDNANC. [PFP-NMe3

+] ) 1.0 × 10-6 M
in RUs, [DNAP-Fl] ) [ssDNAC] ) [ssDNA1NC] ) [ssDNA2NC] )
[ssDNANC] ) 2.0 × 10-8 M, and [EB] ) 3.0 × 10-6 M. The excitation
wavelength is 380 nm.
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