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The complexes of a cationic conjugated polymer with DNA are

designed as new platforms for homogeneous, sensitive and facile

fluorescence assays for SNP genotyping, which interface with

single-base extension, multi-step FRET and optical amplifica-

tion properties of conjugated polymers.

In recent years, it has attracted much attention to use con-

jugated polymers (CPs) as optical transducers in highly sensi-

tive biosensors. In comparison to typical fluorescent dyes, CPs

contain a large number of repeated absorbing units, and the

transfer of excitation energy along the whole backbone of the

CPs to an acceptor results in the amplification of fluorescence

signals by a collective optical response.1–7 Water-soluble

cationic conjugated polymers (CCPs) can form rather stable

polyelectrolyte complexes with negatively charged DNA by

electrostatic interactions, thus they are of particular interest

for designing highly sensitive DNA biosensors.8–16 Within the

CCP–DNA complex, the fluorescence resonance energy trans-

fer (FRET) from the CCP to the energy acceptor (fluorescein)

labeled at the terminus of the DNA is used to transduce the

events of DNA hybridization,9–13 cleavage, extension and

conformation transitions.17–20 Here we present a new design

of complexes of CCP with two separate DNAs, respectively

labeled at the 50-terminus with fluorescein and Cy3 to generate

an energy transfer cascade. FRET from the CCP simulta-

neously to the labelled fluorescein and Cy3 can be observed

and the multi-step FRET, from the CCP to the fluorescein,

followed from the fluorescein to the Cy3 (see Fig. S1w), can
also occur. Furthermore, the emission intensities of fluorescein

and Cy3 using 380 nm excitation in the presence of poly[(9,9-

bis(60-N,N,N-trimethylammonium)hexyl)fluorenylene pheny-

lene] (PFP) are approximately eight and five times larger than

that obtained by direct excitation at the absorption maximum

of fluorescein (480 nm) and Cy3 (543 nm) in the absence of

PFP, respectively, due to the optical amplification by the

conjugated polymers (Fig. 1). The increased fluorescein and

Cy3 emissions by the FRET impart this assay platform high

sensitivity. The energy transfer process regulates the fluores-

cence intensity of the CCP, fluorescein and Cy3 components,

which provide a chance for multi-color bioassays. As demon-

strated here, the multi-step FRET can be used for genotyping

of single nucleotide polymorphisms (SNPs).

SNPs are the most frequent form of sequence variation in

the human genome.21,22 Genotyping of SNPs will take a deep

insight into understanding complex diseases and identifying

disease-causing genes. As genomic markers, SNPs can also be

used to study genome structure and function, and to clinically

diagnose inherited diseases.23,24 Various technologies for SNP

genotyping have been reported,25–33 however, most of these

methods are based on electrophoresis separation or hetero-

geneous assay formats, which are time- and labor-intensive

because of the multiple separation or wash steps. The homo-

geneous pyrosequencing assay for SNPs contains an enzyme

cascade in which more chemical reactions and several addi-

tional enzymes are involved during the detection. This makes

the assay complex and expensive. Although fluorescence-based

homogeneous assays have also been developed,30–33 such as

molecular beacon, TaqMan, and fluorescence polarization

assays, they either require expensive dual-labeled special

probes or complex detection procedures. Moreover, the homo-

geneous assays generally have low sensitivities because of their

low fluorescence intensities. Therefore, a convenient, sensitive

and cost-effective SNP genotyping assay is desirable. To attain

this goal, here, we use CCP–DNA complexes combining with

a single-base extension reaction for SNP genotyping, thus

offering a new assay strategy. Based on the strongly electro-

static interaction of CCP–DNA and the amplification of

fluorescence signals resulted from the FRET between CCP

Fig. 1 Emission spectra from solutions containing PFP and dye-

labeled DNAs in HEPES buffer solution (25 mM, pH = 8.0). The

excitation wavelength is 380 nm. [PFP] = 1.5 � 10�6 M in RUs,

[ssDNA-Fl] = [ssDNA-Cy3] = 1.0 � 10�8 M.
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and fluorescent dyes, the new assay for SNP genotyping can be

simply achieved in homogeneous solution with high sensitivity

without any requirement for separation steps. More impor-

tantly, to perform the single-base extension reactions with

multi-color-labeled dNTPs, the multi-step FRET between

CCP and the different fluorescence dyes can identify the

homozygous and heterozygous genotypes of SNPs within

one-tube.

Our new SNP genotyping assay is illustrated in Scheme 1.

Water-soluble PFP (see its chemical structure in Scheme 1b)34

is used as the cationic conjugated polymer in FRET experi-

ments. The fluorescein labeled in dUTP and Cy3 labeled in

dCTP are chosen as an acceptor pair. PFP acts as the donor

for fluorescein and Cy3, fluorescein acts as the acceptor for

PFP and the donor for Cy3 to satisfy the overlap integral

requirement for FRET (Fig. S1bw).35 A sequence on exon 8 of

human p53 containing a polymorphic site is used as a DNA

target in which the nucleotide G in the wild type is replaced by

A in the mutant target. This G - A point mutant alters the

coding of an amino acid (Arg - Trp).36 Thus three kinds of

SNP genotypes are possible: homozygous G, heterozygous

G/A and homozygous A. The primer is complementary to the

wild target and the mutant target immediately upstream of the

polymorphic site. Taq DNA polymerase, dUTP-Fl and dCTP-

Cy3 (see their chemical structures in Scheme 1b) are used for

primer extension reactions. For the homozygous G, only

dCTP-Cy3 is incorporated into the primer, and upon adding

PFP, the strong electrostatic interactions between negatively

charged DNA and cationic PFP bring them close and efficient

FRET from PFP to Cy3 occurs. For the homozygous A, only

dUTP-Fl is incorporated into the primer, and efficient FRET

from PFP to Fl occurs. For the heterozygous G/A, both

dUTP-Fl and dCTP-Cy3 are, respectively incorporated into

the primers for the mutant target and the wild target. In this

case, upon exciting PFP at 380 nm, multi-step FRET (FRET-

1, FRET-2 and FRET-3) occurs. By triggering the shift in

emission color or the change of emission intensity of fluor-

escein and Cy3, it is possible to assay the three kinds of SNP

genotypes in one extension reaction. Because the ddATP,

ddUTP, ddCTP and ddGTP labeled with fluorescein or Cy3

are all available commercially, our new platform could be

applied universally to detect any SNP combination (A/T/C/G)

by choosing suitable fluorescent ddNTPs. In addition, the

application of the current platform in real sample analysis

can be easily achieved by using the PCR product of p53

fragment as a template.

Fig. 2 shows the emission spectra and integrated emission

intensities of extension products with additions of PFP ([PFP]

= 2.5 � 10�7 M in monomer repeat units (RUs)) with the

excitation wavelength of 380 nm. The extension products were

diluted by 120 times with HEPES buffer solution (25 mM, pH

= 8.0) before fluorescence measurements. A no-template

control (NTC) was used as the blank. The emission maximum

of PFP itself in buffer solution appeared at around 425 nm and

no emissions of fluorescein at 530 nm and Cy3 at 574 nm were

observed. For homozygous A, the efficient FRET from PFP to

fluorescein led to a significant quenching of PFP emission at

425 nm and the appearance of the fluorescein emission at 530

nm. The solution exhibited a green emission color. For

homozygous G, the emission of Cy3 was observed and the

solution emitted an orange color. For heterozygous G/A, both

emissions of fluorescein and Cy3 were observed and the

solution demonstrated a yellow-green color emission. The

inset in Fig. 2a shows images of extension products with

PFP dropped onto a glass slide under 300 nm UV light with

transmission mode. A band-pass optical filter was used to filter

the emission of the excitation source and PFP. As shown in the

inset image, three kinds of genotypes could be clearly distin-

guished with different colors.

To investigate the dynamic range of the target concentration

in our experiments, the emission spectra of a series of exten-

sion products containing various concentrations of heterozy-

gous G/A were measured upon adding PFP with the excitation

wavelength of 380 nm (Fig. 3a). Fig. 3b shows the fluorescent

Scheme 1 (a) Schematic representation of the SNP genotyping
assays. (b) Chemical structures of dUTP-Fl, dCTP-Cy3 and PFP
and DNA sequences used in the assay. Underlined italics in the wild
and mutant targets are allele sequences of the SNP site.

Fig. 2 Emission spectra (a) and integrated emission intensities (b)

from solutions containing PFP and extension products of homozygous

A, heterozygous G/A and homozygous G. A no-template control

(NTC) was used as the blank. The extension solutions were diluted by

120 times with HEPES buffer solution (25 mM, pH = 8.0) before

fluorescence measurements. Amounts: 0.42 pmol target DNA,

4.2 pmol primer, 8.4 pmol dUTP-Fl, 8.4 pmol dCTP-Cy3, [PFP] =

2.5 � 10�7 M in RUs. The excitation wavelength is 380 nm. Inset in

Fig. 2a shows the images of extension products under a 300 nm UV

light with a 550–650 nm band-pass optical filter.
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intensity ratio (I574nm/I425nm) as a function of heterozygous

G/A concentration. The dynamic range of the target DNA is

from 0.02 to 1 pmol. The limit of detection (LOD) of this

method is obtained from eqn (1) by seven independent

measurements:37

LOD ¼ 3� S0

S
ð1Þ

where S0 is the standard deviation of the background and S is

the sensitivity. The relative standard deviation for seven

measurements of the blank is 5.7%. Accordingly, a limit of

detection (LOD) as low as 5.3 fmol was achieved with the

proposed method. Thus the method affords high sensitivity for

an SNP genotyping assay.

In summary, the complexes of conjugated polymer–DNA

can be utilized as probes for homogeneous, sensitive and facile

fluorescence assays for SNP genotyping, which interface with

the multi-step FRET and optical amplification properties of

conjugated polymers. In contrast to previous reports, this

method does not require the design of dye-labeled probes,

which should significantly reduce the cost (the cost is about 0.7

USD for a SNP site). This method can identify all three kinds

of SNP genotypes in one extension reaction, and isolation

steps were avoided (the entire protocol takes 1.0 h from start

to finish). The detection can be carried out under UV light and

no expensive detection instrumentation is needed. Such fluor-

escence assay systems could be expanded to high-throughput

mode. These advantages will make the CCP–DNA system

ideal for SNP genotyping and provides a complementary

method to commonly used electrophoresis assays.
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Fig. 3 Emission spectra (a) and FRET ratios (b) from solutions

containing PFP and extension products in the presence of varying

concentrations of heterozygous G/A. A no-template control (NTC)

was used as the blank. The extension reactions were performed in

Takara Taq buffer solution (10 mM Tris-HCl, 50 mM KCl, 1.5 mM

MgCl2, pH 8.3). Amounts: heterozygous G/A= 0, 0.02, 0.05, 0.1, 0.2,

0.5 or 1 pmol, primer = 10 pmol, dUTP-Fl = dCTP-Cy3 = 20 pmol.

For the fluorescence measurements, 5 mL of extension solution was

diluted by 120 times with HEPES buffer solution (25 mM, pH = 8.0)

containing PFP ([PFP] = 2.5 � 10�7 M in RUs). The excitation

wavelength is 380 nm. Error bars represent the standard deviation of

three experiments.
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