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Abstract: A new biosensor platform was explored for detection of surfactant based on fluorescence changes from single strand DNA
(ssDNA) and single-walled carbon nanotubes (SWNTs). Thermodynamics assay was performed to value the stability of probe. The
affinities of SWNT to five common surfactants (SDS, DBS, Triton X-100, Tween-20 and Tween-80) were investigated by real-time
fluorescence method. The effects of Mg”" and pH on the fluorescence intensity of self-assembled quenched sensor were performed.
The fluorescent emission spectra were used to measure the responses of self-assembled quenched fluorescent of ssDNA /SWNTs to
different concentration surfactant(Triton X-100). The FAM-DNA wrapped SWNTs probe was stable in a wide temperature range
(5 °C to 80 °C). The binding strength of surfactants and single-stranded DNA (ssDNA) on SWNTs surfaces was shown as follows:
Triton X-100>DBS>Tween-20>Tween-80>ssDNA>SDS, and the optimized reaction conditions included pH 7.4 and 10 mmol/L
Mg*". The fluorescence of FAM-ssDNA wrapped SWNTs was proportionally recovered as a result of adding different concentrations

of Triton X-100, which realizes the quantitative detection of Triton X-100.
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1 Introduction

Surfactants are usually organic compounds that are
amphiphilic, meaning that they contain both hydrophobic
groups and hydrophilic groups and can lower the surface
tension of a liquid. So, surfactants are usually designed
to have cleaning or solubilization properties, which are
widely applied in industrial and medical fields, and then
routinely deposited in numerous ways on land and into
water systems [1—3]. However, some of them are known
to be toxic to animals, ecosystems, and humans, and can
increase the diffusion of other environmental
contaminants [4,5]. Thus, it is very important to detect
surfactants in water samples. Although there are many
well-established analytical methods for the determination
of surfactants [6,7], they still show some limitations in
their applicability, such as tedious procedures, large
amount of toxic solvents, irreproducibility and signal

instability. Therefore, it is especially attractive to develop
new methods for detection of surfactants in water.

A unique ability for DNA adsorbing [8] as well as
its super quenching capacity with a wide energy transfer
range has shown single-walled carbon nanotubes
(SWNTs) to be a robust artificial nanomaterial in
bionanotechnology, with applications in DNA analysis
[9], protein assays [10], cellular imaging [11], etc. Our
group have also reported several effective, novel
self-assembled SWNTs complex with oligonucleotides
and demonstrated their feasibility in recognizing and
detecting specific DNA sequences and proteins in a
homogeneous solution [12—15]. Recently, CHEN et al
[16] have used surfactant sodium dodecyl sulfate (SDS)
to disperse SWNTs before they were modified by DNA
probe. This process will avoid the DNA sequences
damage resulting from acutely sonication. However, the
SWNTs/DNA probe-based sensors for detection of
surfactants, and even an integrated research about the
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affinity between SWNTs and surfactants, have not been
reported yet. Therefore, as the continuation of our studies
on SWNTs-based fluorescent biosensor designs, we
report herein our initial attempt for the exploration of
affinity between SWNTs and surfactants, and then
fabricate a simple fluorescent ssDNA/SWNTs-based
sensing platform for the detection of surfactants in
homogeneous aqueous solution.

The detection mechanism of this method is shown
in Fig. 1. The FAM-ssDNA, which is a random linear
stranded DNA sequence labeled with a carboxy-
fluorescein dye (FAM) at its 5' terminus, is first wrapped
on the SWNTs surface through n—n stacking interaction
[8] to form a stable fluorescence-quenched FAM-ssDNA/
SWNT complex. In the presence of surfactant, the
affinity between the surfactant and SWNT is stronger
than that between ssDNA and SWNT, so the
FAM-ssDNA will be liberated from the SWNTs surface
due to the competitive adsorption of surfactant, resulting
in the fluorescence recovery of the probe system. Based
on the above principle, the affinity of SWNTs to
oligonucleotide and five common surfactants (sodium
dodecyl sulfate, sodium dodecylbenzene sulfonate,
Triton X-100, Tween-20, Tween-80) was investigated,
and a novel simple fluorescent biosensor was developed
for the detection of Triton X-100.

2 Experimental

2.1 Materials and apparatus

Single-walled carbon nanotubes (SWNTs) were
purchased from Carbon Nanotechnologies Inc., Houston
(TX, USA). Sodium dodecyl sulfate (SDS), sodium
dodecyl benzene sulfonate (DBS), Triton X-100,
Tween-20 and Tween-80 were all purchased from
Changsha Tianheng Scientific Instrument & Equipment
Co., Ltd., China Fluorescent oligonucleotide (FAM-
ssDNA, 5-FAM-TGTGGTAGTTGGAGCTGA- 3') was
synthesized by Takara Biotechnology Co., Ltd. (Dalian,

gl <

China). The stock solution was obtained in highly pure
water (sterile Minipore water, 18.3 MQ) and the
concentration was estimated by a Hitachi U—-4100
UV-vis  spectrophotometer (Kyoto, Japan) using
sequence-dependent absorption coefficients [17]. All
work solutions were prepared with 20 mmol/L tris—HCI
buffer (pH 7.4).

All steady-state fluorescence measurements were
performed on a Hitachi F-7000 fluorescence spectro-
fluorometer (Kyoto, Japan). Under the excitation
wavelength of 480 nm, the fluorescence spectra were
recorded from 490 nm to 650 nm. Both the excitation
and emission slits were set as 5 nm and voltage of light
was 700 V. Fluorescence emission spectra were collected
using a 0.2x1 cm’ quartz cuvettes containing 500 pL
solution. The pH was measured by a model 868 pH
meter (Orion). Temperature controlled by
PolyScience 9112 refrigerating/heating circulator.

was

2.2 Preparation of FAM-ssDNA/SWNTSs conjugates
Enough SWNTs were introduced into 100 nmol/L
FAM-ssDNA solution (10 mmol/L Mg*", 20 mmol/L
tris—HCI, pH 7.4), followed by 10 min sonication twice
(WD-9415B, Beijing, China) at a power level of 100 W,
and then incubated for 40 min at room temperature. The
mixture was centrifuged at 1500 r/min for 5 min to get
rid of the aggregated SWNTs without DNA coating. The
obtained supernatant containing FAM-ssDNA-wrapped
SWNTs was stored in a refrigerator at 4 °C before usage.

2.3 Measurement procedures

Surfactants were added into 500 pL solution
containing FAM-ssDNA/SWNTs in 20 mmol/L tris—HCl
buffer (10 mmol/L Mg®*, pH 7.4). After the mixture was
incubated for 30 min, the fluorescence was detected by
the Hitachi F-7000 spectrofluorometer. Thermodynamics
assay was performed to explore the stability of FAM-
ssDNA/SWNTs conjugates. The temperature was slowly
increased at the rate of 5 °C /min from 5 °C to 80 °C.
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Fig. 1 Schematic principle of FAM-ssDNA/SWNT-based biosensing platform for detection of surfactant
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The effects of Mg®" concentration and pH value on the
fluorescence intensity of self-assembled quenched sensor
were performed. The affinity of SWNT to oligo-
nucleotide and the five common surfactants (SDS, DBS,
Triton X-100, Tween-20 and Tween-80) was investigated
by real-time fluorescence method.

3 Results and discussion

3.1 Thermodynamics stability of FAM-ssDNA/SWNTs
conjugates

Excellent thermodynamics stability is one of the
most important parameters for a suitable fluorescent
sensing platform. So, before the FAM-ssDNA/SWNTs-
based sensing platform was used to explore the affinity
between surfactants and SWNTs, the thermodynamics
stability of the FAM-ssDNA/SWNTs conjugates should
be explored carefully. As a control, the effect of
temperature on the FAM-ssDNA was first investigated.
One can see from Fig. 2 that the fluorescence intensity
(F) of FAM-ssDNA has no significant difference in the
temperature range of 5—80 °C (curve b), that is to say,
the temperature has no effect on the FAM-ssDNA in the
range of 5—80 °C. Then the effect of temperature on the
stability of FAM-ssDNA/SWNTs conjugates was also
investigated. It can be observed from Fig. 2 that for the
conjugates of FAM-ssDNA/SWNTs, the fluorescence
was kept quenched-state and was quite stable in a wide
temperature range of 5—80 °C (curve a), indicating that
the self-assembled quenched sensor will not be affected
by temperature and it can be used to detect surfactant at a
wide temperature range.
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Fig. 2 Fluorescence intensity responds of FAM-ssDNA (curve a)
and FAM-ssDNA/SWNTs (curve b) as function of temperature
(Fluorescence intensity was recorded at 520 nm with an

excitation wavelength of 480 nm. Buffer solution: 20 mmol/L
of pH=7.4 tris—HCl, 10 mmol/L MgCl,)

3.2 Affinity between surfactants and SWNTs

In the present approach, SWNT has been proved an
excellent quencher to fluorophore via the energy-transfer
and electron-transfer processes, and the ssDNA can be
adsorbed well on its surface through m—m stacking
interaction [8]. So, the FAM-ssDNA-wrapped SWNT as
the probe platform was chosen as the standard to explore
the affinity of surfactants with SWNT. One can find
from Fig. 3(a) that the fluorescence intensities at 520 nm
of FAM-ssDNA/SWNTs-contained solutions are all
increased after additions of DBS, Triton X-100,
Tween-20 and Tween-80 except SDS, indicating that the
affinity of DBS, Triton X-100, Tween-20 or Tween-80
with SWNT is stronger than that of ssDNA with SWNT,
resulting in the liberation of FAM-ssDNA from the
surface of SWNTs due to the competitive adsorption of
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Fig. 3 Fluorescence emission spectra of FAM-ssDNA/SWNTs-
contained solutions after addition of SDS, Tween-80, Tween-20,
DBS or Triton X-100 with concentration of 0.5 mg/mL and
incubated for 30 min at room temperature (a), real-time
fluorescence response of FAM-ssDNA/SWNTs upon addition
of five surfactants (SDS, Tween-80, Tween-20, DBS and Triton
X-100) with concentration of 0.5 mg/mL (b) (Fluorescence
emission was recorded at 520 nm with an excitation
wavelength of 480 nm. Buffer solution: 20 mmol/L of pH=7.4
tris—HCI, 10 mmol/L MgCl,)
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these surfactants, while SDS has a weaker affinity to
SWNT compared with ssDNA and the FAM-ssDNA can
not be released from the SWNT’s surface. In order to
compare the affinity strength of these surfactants with
SWNT, real-time fluorescence responses of the
FAM-ssDNA/SWNTs-contained solutions were recorded
after additions of these surfactants (Fig. 3(b)). From the
recovery rate and the recovery efficiency of the
fluorescence intensity in Fig. 3(b), one can conclude that
the binding strength of surfactants and ssDNA on SWNT
surface is as follows: Triton X-100>DBS>Tween-20>
Tween-80>ssDNA>SDS. Therefore, we could use this
kind of novel, simple and convenient FAM-ssDNA/
SWNTs-based sensing platform for detection of most
surfactants.

3.3 Effects of pH and Mg®* concentration on FAM-

DNA/SWNTs-based sensing platform

Divalent metal ions such as Mg®" have effect on the
dispersion of carboxylic SWNTs, and the wrap of DNA
sequence on the SWNT’s surface will also be affected by
the divalent metal ions, then affecting the performance of
the FAM-ssDNA/SWNTs-based sensing platform. As
shown in Fig. 4(a), the fluorescence intensity of the
FAM-ssDNA/SWNTs conjugates has no significant
difference in a wide Mg”" concentration range from 0 to
20 mmol/L, while the fluorescence response is the largest
at 10 mmol/L Mg”" for addition of surfactant (for
example, Triton X-100). This phenomenon might be
resulted from the reason that high Mg*" concentration
will increase the hybridization force of DNA sequence,
making the liberation of FAM-ssDNA from SWNTs
easier due to the formation of rigid DNA secondary
structures. However, the high concentration of Mg*" will
also change the electrostatic balance among the dispersed
nanotubes, resulting in the aggregation of SWNTs.

The pH is another important factor for the proposed
fluorescence method. It is well known that both the
fluorescence property of fluorescein (FAM) and the bone
structure of DNA sequence can be affected by the pH
value, thus affecting the performance of the FAM-
ssDNA/SWNTs-based sensing platform. As shown in
Fig. 4(b), the fluorescence intensity of the detection
system in the presence of surfactant of Triton X-100 is
increased with the increase of pH value, while the
background fluorescence also will be increased when the
pH value is more than 7.5, indicating that both the
fluorescence property of FAM-ssDNA and the
interactions between the FAM-ssDNA and SWNTs will
be affected by the pH value. Considering requirement for
a good signal/background, so pH 7.4 was selected in the
following experiments.
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Fig. 4 Effects of Mg®" concentration (a) and pH value (b) on
performance of FAM-ssDNA/SWNTs-based sensing platform
(The solution contains 0.5 mg/mL Triton X-100. Fluorescence
emission was recorded at 520 nm with an excitation
wavelength of 480 nm. Buffer solution: 20 mmol/L tris—HCl)

3.4 Detection of surfactant Triton X-100

The fluorescence emission spectra of FAM-
ssDNA/SWNTs conjugates are sensitive to the presence
of surfactant of Triton X-100 and the fluorescence
recovery at 520 nm can be utilized to estimate the
concentration of Triton X-100. Figure 5(a) shows
fluorescence emission spectra of the self-assembled
quenched sensors, FAM-ssDNA/SWNTs conjugates,
with varying concentrations of target surfactant of Triton
X-100 under the optimum conditions (pH 7.4, 10
mmol/L. MgCly). The fluorescence emission almost
cannot be observed when the target surfactant of Triton
X-100 was not present, indicating a high quenching
efficiency by SWNTs. While, the fluorescence emission
will be increased with increasing in the Triton X-100
concentration, and a quantitative determination range of
0.1-2.5 mg/mL was obtained with the detection limit of
0.05 mg/mL (Fig. 5(b)). The experimental data show that
the proposed approach may work well for probing
surfactants.
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Fig. 5 Fluorescence emission spectra of FAM-ssDNA/SWNTs
conjugates in the presence of different concentrations of Triton
X-100 (The arrow indicates the signal changes with an increase
in Triton X-100 concentration (0, 0.1, 0.2, 0.3, 0.5, 0.7, 1.1, 1.5,
1.9, 2.3, and 2.5 mg/mL) (a), and emission intensity
enhancement of FAM-ssDNA/SWNTs conjugates at 520 nm as
function of Triton X-100 concentration (b) (Fluorescence
emission was recorded at 520 nm with an excitation
wavelength of 480 nm in 20 mmol/L of pH 7.4 tris—HCI buffer
solution, 10 mmol/L MgCl,)

4 Conclusions

1) A advanced fluorescence probe for detection of
surfactant based on the functional oligonucleotides and
SWNTs is successfully developed, and the probe is stable
in a wide temperature range (5—80 °C).

2) The binding strength of five common surfactants
and single-stranded DNA (ssDNA) on SWNTs surfaces
is shown as follows: Triton X-100>DBS>Tween-20>
Tween-80>ssDNA>SDS, and the optimized reaction
conditions are included pH 7.4 and 10 mmol/L Mg*".

3) The advanced fluorescence probe can be used to
detect surfactant such as Triton X-100.
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