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a  b  s  t  r  a  c  t

Photophysical  properties  of Rhodamine  B bound  to water-soluble  polyanion  sodium  poly(4-
styrenesulfonate)  (PSS)  in solution  and  Quartz/APES/PSS/RB  SAMs  were  investigated.  Experiments
showed  that  Rhodamine  B  aggregated  in  Quartz/APES/PSS/RB  SAMs  and  its  fluorescence  behavior  was
different  from  that  in  Quartz/APES/RB  SAMs  without  PSS.  The  constructed  Quartz/APES/PSS/RB  SAMs
were  applied  for label-free  interfacial  fluorescence  sensing  of  DNA  with  extremely  high  sensitivity.
eywords:
hodamine B
elf-assembled multilayers
oly(4-styrenesulfonate)
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. Introduction

Detection of specific oligonucleotide sequences has impor-
ant applications in medical research and diagnosis, food and
rug industry monitoring, and environmental monitoring [1–4].
ost assays identify specific sequence through hybridization of an

mmobilized probe to the target analyte after the latter has been
odified with a covalently linked label such as a fluorescent tag

5,6]. However, the need of functionalizing dye-modified oligonu-
leotide probes added to the complexity, cost, and overall assay
peed limited the effectiveness to such detection strategies. It is
till desirable to develop sensitive, facile, and label-free strategies to
uclease assay [7–9]. Recently SAMs have received much attention

n analytical chemistry [10,11] and fluorescent SAMs have actually
een applied for highly sensitive chemo- and bio-sensing [12–14].
erein, based on Rhodamine B (RB) as a fluorescent probe, we  con-

tructed RB SAMs for label-free fluorescent sensing of DNA.
Rhodamine B is an important fluorescent dye employed as

 DNA marker or probe. As an aromatic molecule, its existing
orm depends on the concentration [15–19]. At low concentra-
ion of ≤0.0001 mol/L, RB exists in its monomeric form and is
ighly fluorescent with an emission band centered at 580 nm.  At

igh concentration of ≥0.005 mol/L, however, aggregation occurs
ecause of �–� interactions the fluorescence intensity at high
ye concentration decreases and the emission band shifts to the

∗ Corresponding author. Tel.: +86 595 22693548; fax: +86 592 6160088.
E-mail  addresses: sunxy@hqu.edu.cn,  liumy@hqu.edu.cn (S. Xiangying).

039-9140/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2011.05.035
red with increasing dye concentration. Dye aggregation depends
not only on dye concentration, but also on the medium [20–24].
Our experiments showed that the aggregation of RB dye in dilute
solution takes place in the presence of a polyelectrolyte. Sodium
poly(4-styrenesulfonate) (PSS), as a polyanion, was  found to induce
aggregation of RB at low concentration not only in solution, but
also in SAMs. In this paper we  focus our attention on the fluo-
rescence behavior of RB in solution and in SAMs in the presence
of the water-soluble polyanions PSS. Rhodamine B aggregated in
Quartz/APES/PSS/RB SAMs, with a fluorescence emission different
from that of Quartz/APES/RB SAMs without PSS. The constructed
Quartz/APES/PSS/RB SAMs could be sensing for single- and double-
stranded oligonucleotides (ssDNA and dsDNA) at the solid–liquid
interface with extremely high sensitivity. Furthermore, it was
found that the SAMs could be able to recognize specific DNA
sequences by fluorescence response.

2. Experimental

2.1. Apparatus and reagents

Corrected  fluorescence spectra were recorded on a Cary Eclipse
fluorescence spectrophotometer (Varian, USA) with excitation
wavelength of 530 nm and the slits of both 5 nm for excitation and
emission. The angle between quartz plane and incident excitation

light was set at 50◦ to ensure maximum efficiency of collecting
emission light while avoiding reflection light interference. Fluo-
rescence microscope images were obtained on Olympus B × 51
microscope (Olympus, Japan). Ultraviolet-visible absorption spec-
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induce Thioflavin T excimer formation, which may  be ascribed to
different dye structure and interaction between dye and PSS, could
be explained by computational approach of quantum chemistry.
Scheme 1. Procedures for RB-mo

ra were recorded on UV-2550PC spectrophotometer (Shimadzu,
apan). Aqueous solutions were prepared using water obtained
rom a Millipore Milli-Q system (18 M� cm).

Fish sperm DNA (fsDNA) was purchased from Fluka Chemika
witzerland. ssDNA was prepared from fsDNA after boiling for
0 min  and being frozen for 10 min  to prevent DNA renaturation.
NA oligonucleotides were synthesized and purified by Sbsbio
echnologies Inc. (Beijing, China). The sequences of the employed
ligomers are given in Table 1.

Au nanoparticles (AuNP) were synthesized by means of citrate
eduction of HAuCl4 [25]. RB was purchased from China Guoyao
roup, sodium poly(4-styrenesulfonate) (PSS, MW 70,000) was
btained from Acros, and �-aminopropyltriethoxysilane (APES)
as obtained from Shanghai Chemicals Co. Ltd. The other chemicals
ere of analytical grade or above.

.2. Silanization of quartz wafers

Quartz wafers of 1 cm × 1 cm size were extensively washed with
istilled water, ethanol each for 10 min. Cleaned wafers were then

mmersed in piranha solution 98% H2SO4/30% H2O2 (7/3, V/V) for
0 min  to protonate the quartz surface. Thus treated wafers were

ater cleaned by sonification in ultrapure water, dried with N2. Thus
reated quartz wafers were immersed in 4% (v/v) aqueous solution
f APES for 6 h to functionalize quartz surface with amino groups,
hich were finally washed by ultrapure water and dried with N2.

.3. Preparation of Quartz/APES/RB SAMs

The silanized quartz wafer was dipped in 5.0 × 10−5 mol/L RB
olution of pH 10–11 for 2 h. The wafers were then taken out and
eft to dry in nitrogen, leading to Quartz/APES/RB SAMs.

.4.  Preparation of Quartz/APES/PSS/RB SAMs

The silanized quartz wafer was respectively dipped into PSS
olution of 1 g/L for 5 h, 5.0 × 10−5 mol/L RB solution of pH 5–6 for

2 h. The wafers were then taken out and left to dry in nitrogen,
hich leads to Quartz/APES/PSS/RB SAMs. The assembly process is
epicted in Scheme 1.

able 1
equences of synthesized DNA.

Strands (12-mer) Sequences

HS-DNA (probe) 5′-TAG GAA ACA CCA (CH2)6-SH-3′

Complementary DNA (c-target) TGG TGT TTC CTA
Noncomplementary DNA (nc-target) AAA TAT CAT CTT
 self-assemblied multilayer film.

2.5. Preparation of Quartz/APES/PSS/RB/AuNP/Probe SAMs

The  above prepared Quartz/APES/PSS/RB SAMs were immered
in synthesized AuNP solution for 3 h, 2.0 × 10−6 mol/L HS-DNA
probe was then dipped onto the surface of SAMs via Au-S chemical
bonding. This allowed the construction of fluorescent multilayer
film Quartz/APES/PSS/RB/AuNP/probe.

3.  Results and discussion

3.1.  Polyanion PSS induced RB aggregation in dilute solution

Usually the dye concentration exerts influence on its existing
form, RB for example aggregating to dimer in concentrated solution.
However, our experiments showed that polyelectrolyte PSS could
induce RB to aggregate in dilute solution. Fig. 1 was  the fluorescence
spectra of 5 × 10−5 mol/L RB solution containing PSS with different
concentration, and showed that upon addition of PSS, fluorescence
of RB was  quenched and the emission wavelength shifted to the
red, which suggested that, RB dimer was  formed in dilute solution.
Excess amount of PSS, however, induced the transformation of RB
dimer into monomer, the fluorescence was  hence recovered accom-
panied by a blue shift. The effect of PSS on RB was different from
that on dyes, such as Acridine Orange, Thioflavin T [26]. PSS could
Fig. 1. Fluorescence spectra of RB in the presence of PSS of varying concentration.
Inset  shows the plot of RB fluorescence intensity versus PSS concentration. CPSS (g/L):
(a) 0; (b) 0.001; (c) 0.005; (d) 0.01; (e) 0.05; (f) 0.1; (g) 0.5; (h) 1.0; (i) 2.0.
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Since RB as a fluorescent probe for DNA, our past work had
showed that the interfacial fluorescent sensing based on SAMs
showed high sensitivity [12–14], thus a novel fluorescent recog-
nition method was designed for ssDNA and dsDNA on the basis of
ig. 2. Fluorescence spectra of Quartz/APES/PSS, Quartz/APES/RB and
uartz/APES/PSS/RB SAMs.

Similar change in the fluorescence spectra was also observed
ith Quartz/APES/PSS/RB SAMs, which means that PSS on the sur-

ace of silanized quartz wafer could induce RB aggregation in the
lm. In Quartz/APES/RB SAMs without PSS, however, RB at the same
oncentration exists in its monomer form.

.2. Spectral properties of Quartz/APES/PSS/RB and
uartz/APES/RB SAMs

Surface  fluorescence spectra of Quartz/APES/PSS,
uartz/APES/PSS/RB and Quartz/APES/RB films are shown in
ig. 2. It was found that Quartz/APES/PSS/RB and Quartz/APES/RB
mitted RB-characteristic fluorescence, but Quartz/APES without
B was nonfluorescent, which proved that RB had been success-

ully assembled on the surface of quartz wafers in the cases of
uartz/APES/PSS/RB and Quartz/APES/RB SAMs. While fluores-
ence emission of Quartz/APES/RB peaked at 576 nm was observed,
he maximum emission wavelength of Quartz/APES/PSS/RB was
96 nm.  This indicates a substantial red shift in the presence
f PSS, confirming that PSS indeed induced RB dimerization in
uartz/APES/PSS/RB SAMs. Fig. 3a and b were the fluorescence

mages of Quartz/APES/RB and Quartz/APES/PSS/RB SAMs, respec-
ively, which supported this conclusion. In these images it was
ound that RB on the surface of Quartz/APES/PSS/RB well dis-
ributed with strong red fluorescence, the fluorescence color was
he same as that of RB dimer solution whereas different from that
f Quartz/APES/RB, which again confirmed the aggregation of RB in
he Quartz/APES/PSS/RB SAMs. It shall be pointed out that, although
H of RB assembling solutions in two films (Quartz/APES/PSS/RB
nd Quartz/APES/RB) was not the same, experiments showed that
he emission wavelength of RB was almost the same at pH higher
han 3. The observed difference in the emission wavelengths of
uartz/APES/PSS/RB and Quartz/APES/RB thereby resulted from

he action of PSS, and PSS in the Quartz/APES/PSS/RB SAMS induced
B aggregation.

The diffuse reflection–absorption spectra of
uartz/APES/PSS/RB and Quartz/APES/RB SAMs, showed in
ig. 4, also supported this conclusion.

Indeed, Fig. 4 shows that the absorption maximum of

uartz/APES/RB SAMs peaked at 558 nm is close to that of
B monomer in solution, while the absorption spectrum of
uartz/APES/PSS/RB SAMs is similar to that of RB dimer, clearly

eflecting the role of PSS in inducing RB aggregation.
Fig. 3. Fluorescence images of (a) Quartz/APES/RB and (b) Quartz/APES/PSS/RB.

3.3. Fluorescence recognition for ssDNA and dsDNA based on
Quartz/APES/PSS/RB SAMs
Fig. 4. Diffuse reflection–absorption spectra of SAMs.
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Fig. 5. Fluorescence spectra of Quartz/APES/PSS/RB in the presence of (a) ssDNA and
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b) dsDNA at different concentration. Inset shows the linear correlation of fluores-
ence intensity with DNA concentration.

uartz/APES/PSS/RB SAMs. Fig. 5 showed the fluorescence spec-
ra of Quartz/APES/PSS/RB in 0.01 M Tris–HCl buffer solution of pH
.4 containing DNA with different concentration. Comparing the
uorescence spectra of Fig. 5a and b, it was found that the fluores-
ence of Quartz/APES/PSS/RB SAMs was enhanced upon addition
f dsDNA, whereas it was quenched in the presence of ssDNA,
hich was similar to that observed with the RB dimer in solu-

ion in its fluorescence response towards DNA, but opposite to that
bserved with Quartz/APES/RB [27]. This again reflects PSS induced
ggregation of RB in Quartz/APES/PSS/RB film. The observed small
lue-shift of the fluorescence emission after the addition of DNA
ight be ascribed to the dissociation of RB dimer. The completely

ifferent fluorescence response of Quartz/APES/PSS/RB with ssDNA
nd dsDNA may  be due to the different binding interaction modes
f RB with ssDNA and dsDNA and secondary structure discrepancy
etween ssDNA and dsDNA [27].

Generally speaking, there are three kinds of uncovalent bind-
ng modes of DNA and small molecules, electrostatic bonding,
roove contact and intercalation action. It suggests probable that
B dimer molecular effectively interacted strongly with dsDNA
n intercalation action predominant [28]. Increases in temper-
ture will damage ordered-arrangement of base pairs and also
erve to break secondary structure in dsDNA chains, and then the
isappeared groove contact influence on binding modes of DNA
Fig. 6. Relationship of I0/I of Quartz/APES/PSS/RB (�), RB dimer in solution of
1.00  × 10−3 mol/L (�) with the concentration of (a) ssDNA and (b) dsDNA.

and Quartz/APES/PSS/RB. Under this situation, RB has interacted
weakly with bases directly by hydrogen bond, ionic bond and
hydrophobic bond, coordinated with the negatively charged phos-
phate backbone, which all most exposed to the aqueous solution.
Then different fluorescence response efficiency from dsDNA was
obtained.

Further experiments showed that the interfacial fluorescence
recognition can indeed be established for ssDNA and dsDNA by
monitoring the change in the fluorescence of Quartz/APES/PSS/RB
SAMs. As shown in insert of Fig. 5, a good linear correlation exists
between relatively fluorescence intensity and DNA concentration
over 6.20 × 10−9 to 4.34 × 10−8 g/L for ssDNA with a detection limit
(3SD/K) of 3.95 × 10−10 g/L, and over 1.00 × 10−9 to 1.55 × 10−8 g/L
for dsDNA with a detection limit (3SD/K) of 2.79 × 10−10 g/L, respec-
tively, I and I0 represents the fluorescence intensity in the presence
and absence of DNA. Compared with solution-phase RB-based flu-
orescent sensing, the sensitivity of the Quartz/APES/PSS/RB SAMs
based method is higher by 5 orders of magnitude than that of RB
dimer in solution, as clearly seen in Fig. 6.

3.4. Label-free fluorescence recognition for DNA sequence
Based on the recognition capability of RB SAMs for DNA, we
developed a label-free fluorescence method to detect oligonu-
cleotide sequence. Quartz/APES/PSS/RB/AuNP/probe SAMs was
constructed according to the experimental 2.3, and immersed
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Scheme 2. Diagram of fluorescence recognition by Qu

nto 0.01 mol/L Tris–HCl buffer solution of pH 7.8 containing
.3 mol/L NaCl. The target DNA in Table 1 was added into the
olution and hybridized with the probe in SAMs. The optimal
ybridization temperature was at about 20 ◦C, the hybridization
ime was 18 h. Fig. 7a and b were the fluorescence spectra of

uartz/APES/PSS/RB/AuNP/probe in the presence of c-target and
c-target with different concentration, respectively, and we found
hat the fluorescence intensity increased upon addition of the
omplementary target (c-target), whereas it decreased in the pres-

ig. 7. Fluorescence spectra of Quartz/APES/PSS/RB/AuNP/probe in the presence
f (a) c-target and (b) nc-target at different concentration. Inset shows the linear
orrelation  of fluorescence intensity again target DNA concentration.
PES/PSS/RB/AuNP/probe for specific DNA sequences.

ence of the non-complementary target (nc-target). This might be
explained that the HS-DNA probe in the SAMs hybridized with
c-target to dsDNA, and the effect of c-target addition was simi-
lar to that of dsDNA on SAMs. A linear relationship between the
relative fluorescence intensity I/I0 and c-target concentration over
2.0 × 10−12 to 2.0 × 10−11 mol/L was  found (showed in the inset
of Fig. 7a), with a limit of detection (3SD/K) of 5.2 × 10−13 mol/L,
which demonstrates a hybridization method of SAMs based with
higher analytical sensitivity. The probe in SAMs, however, did not
hybridize with nc-target, the effect of nc-target addition was there-
fore similar to that of ssDNA on SAMs (Scheme 2).

4.  Conclusions

In the presence of polyanionic PSS, RB aggregation was found not
only in dilute solution but also in SAMs. The fluorescence spectra
of RB SAMs from the same concentration RB assembling solution
in the presence PSS is different from that in the absence of PSS.
The constructed Quartz/APES/PSS/RB SAMs has the fluorescence
behavior similar to that of RB dimer solution, and can recognize
ssDNA and dsDNA at solid-liquid interface, but SAMs based show
extremely high sensitivity. We  have utilized these observations to
design a simple, fast assay for DNA recognition with inexpensive
commercially available materials, which eventually allows for a
label free detection of DNA based on this SAMs interfacial sensing
protocol. Furthermore, fluorescence recognition for specific DNA
sequences on-line could also be done.
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