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a  b  s  t  r  a  c  t

Interaction  between  a  polycationic  compound  and  DNA is  a useful  phenomenon  for  development  of a
new  DNA sensing  system.  In this  work,  dendritic  polycationic  phenyleneethynylene  fluorophores  are
investigated  as  a Förster  resonance  energy  transfer  (FRET)  donor  for  the  detection  of  DNA  hybridiza-
tion  in  conjunction  with  a  fluorescein-labeled  pyrrolidinyl  peptide  nucleic  acid (Fl-acpcPNA)  probe.  The
first  generation  dendrimer  is  an  efficient  energy  donor  for the  fluorescein  acceptor  but  also  shows  non-
specific  FRET  signal  with  Fl-acpcPNA.  The  addition  of  N-methyl  2-pyrrolidone  can  virtually  completely
eywords:
NA
endrimer
luorescence sensor
RET

remove  the  non-specific  interaction  between  Fl-acpcPNA  and  the  dendrimer.  Under  the  optimal  con-
dition,  the complementary  DNA  gives  a distinctively  high  FRET  ratio  (1.42)  comparing  with  those  of
the  non-complementary  (0.26)  and  singly  mismatched  (0.51)  DNAs.  The  FRET  ratio  responses  linearly
with  the  DNA  concentration  with  the  detection  limit  lower  than  1 nM. The  FRET  ratio  is  even  higher  for
the  complementary  target  DNAs  with  extra  hanging  nucleotide  sequences,  which  is a  more  frequently

eal a
eptide  nucleic acid encountered  scenario  in  r

. Introduction

Detection of DNA sequences is indispensable in medical diag-
ostics and biochemical analyses. During the past decades, we
ave witnessed several major developments of various tech-
iques for the detection of DNA sequences based on DNA
ybridization process including fluorimetry [1–3], colorimetry
4,5], electrochemistry [6–8], and surface plasmon resonance
9,10]. Homogeneous fluorescence analysis in solution is consid-
red as one of the most convenient and sensitive methods. Direct
se of fluorescent dyes which are capable of intercalating or binding

nto the grooves of double-stranded DNA (dsDNA) with concomi-
ant fluorescence enhancement, such as ethidium bromide, SYBR
reen® and PicoGreen®, as reporters for DNA hybridization is prob-
bly the most simple and common practice. Enhanced fluorescent
ignals by mismatched hybridized or even unhybridized single-
tranded DNAs (ssDNA) are also often encountered due to their
ignificant binding to these dyes [11,12]. To increase specificity

f the analytical method, Förster resonance energy transfer (FRET)
etween energy donor and acceptor fluorophores has been success-
ully exploited [13,14]. One of the most intriguing developments

∗ Corresponding author. Tel.: +66 2 2187620; fax: +66 2 2187598.
E-mail  address: smongkol@chula.ac.th (M.  Sukwattanasinitt).

039-9140/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2011.11.041
pplications.
© 2011 Elsevier B.V. All rights reserved.

involves the use of a polycationic �-conjugated polymer as a FRET
donor and a flurophore-labeled ssDNA as a FRET acceptor [15,16].
Fluorescein-labeled peptide nucleic acid (Fl-PNA), a neutral peptide
analog of DNA, has also been applied in a FRET-based detection of
specific DNA sequences via PNA/DNA Watson–Crick hybridization
[17–19]. The successful use of PNA probe has been attributed to
two main reasons. First, PNA/DNA hybrid electrostatically interacts
with the polycationic FRET donor more strongly, and second, the
neutral unhybridized PNA and the PNA/DNA duplex is more read-
ily and specifically formed than the analogous DNA/DNA duplex
[20–23]. As a result, the use of PNA in place of DNA significantly
increased the specificity such that even a single mismatched base
in the DNA target can be readily distinguished with a considerably
lower FRET signal [19].

Comparing  with small molecule, conjugate polymers containing
multiple fluorogenic moieties offer advantages in signal amplifica-
tion and large molecular optical cross section [24–26]. The use of
polycationic conjugated polymers as FRET donors for the detec-
tion of PNA/DNA hybridization however have been limited to a
class of linear poly(phenylene-co-fluorene). The linear conjugated
polymers usually possess broad distribution of molecular weights

which may  be not readily reproducible from lab to lab or even batch
to batch. Unpredictable secondary structures of linear polymeric
chains in aqueous media also add subtle issues in the interpreta-
tion of its intermolecular interaction. We  are interested in exploring
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ig. 1. Proposed detection of DNA/PNA hybridization via FRET from polycationic d
l-acpcPNA and DNAs used.

 class of polycationic fluorophores with definite molecular sizes
nd charges to be used as fluorescent transducers. Dendrimers
re good candidates as their sizes and shapes can be controlled
ia convergent synthetic approach [27–30]. Recently, applications
f dendritic phenylene-ethynylene polyelectrolytes as fluorescent
ignal transducer in sensing systems have been reported [31–36].
n this present work, we  investigated the use of polycationic
henylene–ethynylene dendrimers 1 and 2 (Fig. 1) as a FRET donor

n the detection of DNA sequence via the PNA/DNA hybridization
rinciple. The specific PNA used in this work is a conformational
onstrained fluorescein-labeled pyrrolidinyl PNA (Fl-acpcPNA)
erived from proline/2-aminocyclopentanecarboxylic acid back-
one which exhibited superior specificity in DNA hybridization
han the classical PNA [37,38].

.  Experimental

.1. Chemicals and materials

Dendritic  cationic fluorophores, 1 and 2, were prepared as
escribed in our previously reported procedures [34]. The acpcPNA

robe was labeled at the N-terminus by 5(6)-carboxyfluorescein
-hydroxysuccinimidyl ester via an aminoethoxyethoxyacetyl
pacer  (–NHCH2CH2OCH2CH2OCH2CO–) and was purified by HPLC
fter removal from the solid support [37,38]. HPLC-purified DNA
ic fluorophores D (1 and 2) including their chemical structures and sequences of

oligo-nucleotides were purchased from Biodesign-Co., Ltd.
(Thailand). Reagent grade formamide and N-methyl-2-
pyrrolidinone were purchased from Merck and used without
further purification.

2.2.  Instruments

The UV–vis absorption spectra were recorded on a Varian Cary
50 UV–vis spectrophotometer. Fluorescence measurements were
carried out with solution samples in a 3 mL  quartz cuvette at room
temperature using a Varian Cary Eclipse spectrofluorometer at 90◦

detection angle. The FRET ratios were calculated as the fluores-
cent intensity of the acceptor (fluorescein) over the intensity of
the donor (2).

2.3.  PNA/DNA sample preparation

Solutions of Fl-acpcPNA (0.6 �M)  and DNA (0.6 �M)  in 10 mM
phosphate saline buffer pH 6.9 were mixed and allowed for
hybridization at room temperature for overnight to provide a
0.3 �M Fl-acpcPNA/DNA duplex stock solution. For the fluorescence

measurement, this stock solution was mixed with the fluorophore
solution and the total volume was adjusted by 10 mM phosphate
saline buffer pH 6.9, to give the final concentration of 1.0 �M for
the fluorophore 0.1 �M for the DNA and PNA.
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. FRET experiments

To  1 mL  of Fl-acpcPNA or Fl-acpcPNA/DNA stock solution
0.3 �M)  was added 30 �L of 1 or 2 solution (100 �M),  and the des-
gnated amount of 1-methyl-pyrrolidinone (NMP) or formamide
t room temperature (25 ◦C). The final volume of the mixture was
djusted to 3 mL  by 10 mM phosphate saline buffer pH 6.9 to afford
he final concentration of 1 �M for the fluorophores and 0.1 �M for
NA and DNA. After the solution was thoroughly mixed for 1 min,
he emission spectrum (410–700 nm)  was recorded at room tem-
erature with an excitation wavelength of 400 nm.  The FRET signal
nd ratio were observed as the intensity of the fluorescein band
eaked at 530 nm from the spectrum with the donor peak at 440 nm
ormalized.

. Results and discussion

The  basis of this work, as illustrated in Fig. 1, relies on the
ssumption that there is no significant interaction between the
ationic dendritic fluorophores Dn+ (1 or 2) and the electrostatically
eutral Fl-acpcPNA. The addition of ssDNA with a complementary
ase sequence (cDNA) should give rise to a formation of a negatively
harged DNA/PNA duplex, which in turn preferentially bind with
he cationic dendrimer as a result of Coulombic interaction. A close
roximity between Dn+ and the fluorescein moiety on the acpcPNA
hould result in a FRET signal observed as enhanced fluorescein
mission and reduced Dn+ emission. On the other hands, if the DNA
equence has a non-complementary base sequence (ncDNA), there
hould be only the DNA/Dn+ complexation, which gives no FRET
ignal.

The emission spectra of 1 and 2 along with the absorption and
mission spectra of Fl-acpcPNA are shown in Fig. 2. Although the
mission band of 1 has an ideal full overlapping integral with the
bsorption spectrum of Fl-acpcPNA, its broad emission band also
over a large portion of Fl-acpcPNA emission band. This precludes
n efficient function of 1 as a FRET donor because the FRET signal
etected from fluorescein emission would be greatly interfered by
he donor emission. On the other hand, the emission band of the
rst generation dendrimer 2 advantageously appears at a signifi-
antly shorter wavelength probably due to its slower geometrical

elaxation as a result of the bulkier dendritic arms. With a shorter
mission wavelength, the overlapping area between the emission
and of 2 and Fl-acpcPNA is considerably reduced and thus den-
rimer 2 is a better choice as a FRET donor for Fl-acpcPNA. In

ig. 3. (a) Emission spectra of 1 (–), 1:Fl-acpcPNA (- - -), 1:Fl-acpcPNA:cDNA (· · ·) and
cpcPNA] = [DNA] = 0.1 �M.  (b) Emission spectra of 2 (–), 2:Fl-acpcPNA (- - -), 2:Fl-acpcP
2] = 1.0 �M; [Fl-acpcPNA] = [DNA] = 0.1 �M.
Fig. 2. Absorption spectrum of Fl-acpcPNA (–) and emission spectra of 1 (- - -), 2 (—)
and Fl-acpcPNA (-·-).

addition, the higher number of positive charge (6+) on 2 should
also provide a stronger electrostatic interaction with the PNA/DNA
duplex that in turn enhance the efficiency of the FRET process.

Our  initial FRET measurements showed that the use of 1 as the
energy donor failed to give any distinguishable FRET signal even
in the presence of the complementary DNA (Fig. 3a). On  the other
hand, the experiment with dendrimer 2 showed promising results.
The strong emission signal of fluorescein was  observed at 530 nm,
especially for the system with cDNA (Fig. 3b). For the system with
ncDNA, a much weaker FRET signal was  observed. Interestingly, we
observed a relatively strong FRET signal from the solution of only 2
and Fl-acpcPNA in the absence of any DNA. This result is somewhat
deviate from our postulation proposed in Fig. 1 and it indicates a
significant interaction between the donor and Fl-acpcPNA itself.
This undesirable non-specific FRET signal may  result from a rela-
tively strong hydrophobic interaction between the dendritic core
of 2 and the PNA backbone. Drastic reduction of the FRET signal in
the presence of ncDNA implies that the Coulombic interaction of
ncDNA with 2 is likely to be much stronger than the hydrophobic
interaction between 2 and Fl-acpcPNA.

Recently, formamide has been successfully used as an additive
to reduce non-specific hydrophobic interaction between DNA and

PNA [39] while N-methylpyrrolidinone (NMP) has been used to
reduce such interaction between DNA and cationic polyelectrolyte
fluorophore [40]. These additives are known for their ability to

 1:Fl-acpcPNA:ncDNA (-·-) in phosphate saline buffer pH 6.9; [1] = 1.0 �M;  [Fl-
NA:cDNA (· · ·) and 2:Fl-acpcPNA:ncDNA (-·-) in phosphate saline buffer pH 6.9;
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Table  1
Effects of additives on FRET ratios.

Additive 2 + Fl-acpcPNA 2 + Fl-acpcPNA + cDNA 2 + Fl-acpcPNA + ncDNA

None 1.23 ± 0.14 1.40 ± 0.13 0.72 ± 0.11
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quantification of a designated DNA sequence. Fig. 7 also showed
that the detection limit of this system is below 1 nM.
Formamide  (20%, v/v) 1.34 ±  0.16 

NMP  (20%, v/v) 0.58 ± 0.05 

NMP  (10%, v/v) 0.39 ± 0.15 

olvate the PNA and DNA chain primarily via hydrogen bonding,
hich consequently reduce the hydrophobic interaction. In our

ests, Table 1 shows that formamide cannot reduce the FRET ratio
bserved in the system containing only 2 and Fl-acpcPNA while
MP drastically decreases the FRET ratio of this system. At 10% (v/v)
f NMP, the non-specific FRET ratio decreases without deteriorat-
ng the FRET signal generated from the desired Fl-acpcPNA/cDNA
ybridization. Importantly, the FRET ratio of the PNA/ncDNA pair

s also significantly reduced by NMP. Accordingly, the cDNA gives
emarkably higher FRET signal than those of the ncDNA and the
on-specific background in the presence of 10% (v/v) NMP  (Fig. 4).

The effect of donor/acceptor ratio in the FRET process was
tudied at constant concentration of Fl-acpcPNA at 0.1 �M in the
resence of 10% (v/v) NMP. The concentration of 2 was varied as 0.5,
.0, and 1.5 �M.  We  compared the FRET ratios obtained from each
ondition in the presence of cDNA, ncDNA, and single mismatched
NA (smDNA), as well as in the absence of DNA. The plot in Fig. 5

ndicates that the 1:10 M ratio of Fl-acpcPNA/2 provide the best
etection of cDNA while the non-specific signal, observed in the
bsence of DNA, is suppressed at a much lower level. This optimum
atio is probably governed by the countered balance between two
oncentration effects i.e. the increases of donor/acceptor complex-
tion and the fluorescence background of 2. It is also important
o note that the cDNA (fully complementary DNA) can be clearly
istinguished from the smDNA (singly mismatched DNA) at this
ptimal ratio.

We  next investigated the effect of target DNA chain length on
RET efficiency by using 21-mer (cDNA′) and 31-mer DNA (cDNA′′).
oth cDNA′ and cDNA′′ contain the complementary base sequence

n the middle with extra base units extended from its both ends. The
esults are encouraging that the FRET ratio with cDNA′ and cDNA′′

re successively higher than that in the case with cDNA (Fig. 6) and

hat the target DNAs with extra hanging nucleotide sequences is

ore likely the case encountered in real applications involving PCR-
mplified or genomic DNA targets. The enhanced FRET signals by

ig. 4. Emission spectra of 2 (–), 2:Fl-acpcPNA (- - -), 2:Fl-acpcPNA:cDNA (· · ·) and
:Fl-acpcPNA:ncDNA  (-·-) in panel (a) phosphate saline buffer pH 6.9 with 10% (v/v)
MP [2] = 1.0 �M; [Fl-acpcPNA] = [DNA] = 0.1 �M.
1.66 ±  0.15 1.03 ±  0.09
0.90 ± 0.07 0.47 ± 0.01
1.42 ± 0.13 0.26 ± 0.18

longer DNA chains highlight the importance of electrostatic inter-
action between the segment of DNA/PNA duplex and the cationic
dendrimer in the FRET process.

The FRET ratio of the sensing system increased with the cDNA
and a plot between corrected FRET ratio (F(530)–F0(530)) against con-
centration of cDNA yielded a linear line as shown in Fig. 7. The linear
response suggests that the sensing system should be applicable for
Fig. 5. FRET ratios obtained upon the addition of DNA (0.1 �M) to solutions con-
taining  varied concentrations of 2 and fixed Fl-acpcPNA concentration (0.1 �M).

Fig. 6. Emission spectra of 2 (–), 2:Fl-acpcPNA:cDNA (- - -), 2:Fl-acpcPNA:cDNA′ (· · ·)
and 2:Fl-acpcPNA:cDNA′′ (-·-) in phosphate saline buffer pH 6.9 in the presence of
10% (v/v) NMP. [2] = 1.0 �M;  [Fl-acpcPNA] = 0.1 �M;  [DNA] = 0.1 �M.
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ig. 7. Emission spectra and Linear plot between corrected FRET ratio (F(530)–F0(5

2] = 1.0 �M;  [Fl-acpcPNA] = 0.1 �M.

. Conclusion

In conclusion, we have demonstrated a detection of DNA
ybridization by Förster resonance energy transfer (FRET) employ-

ng a cationic phenyleneethynylene dendritic fluorophore as a FRET
onor and a fluorescein-labeled pyrrolidinyl peptide nucleic acid
Fl-acpcPNA) as the energy acceptor. The first generation fluores-
ent dendrimer with six positively charged ammonium peripheries
rovide adequate electrostatic interaction and spectral overlap
esulted in readily distinguishable signals for the cases with com-
lementary and non-complementary DNA. The background signal,
hich may  be caused by the hydrophobic interaction between

he inner part of the fluorophore and the peptide backbone of
he acpcPNA could be eliminated by the addition of N-methyl-
-pyrrolidinone (NMP). Under optimum sensing condition, the
ensing system readily detected fully complementary sequence
NA at submicromolar concentration level and distinguished it

rom the DNA with a single mismatch base. The cationic phenyle-
eethynylene dendrimer showed even higher FRET signal for
etecting the target DNAs with extra hanging nucleotide sequences
hat should be useful for detecting PCR-amplified or genomic DNA
argets in real applications.
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