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a  b  s  t  r  a  c  t

We  have  designed  an  electrochemical  DNA  biosensor  based  on  stem–loop  structured  probes  for  enzy-
matic  detection  of  Pseudomonas  aeruginosa  16S  ribosomal  RNA  (rRNA)  in  composting  degradation.  The
probe modified  with  a thiol  at  its 5′ end  and  a biotin  at its  3′ end  was  immobilized  on  a gold  electrode
through  self-assembly.  The  stem–loop  structured  probes  were  “closed”  when  target  was  absent,  then  the
hybridization  of  the  target  induced  the  conformational  changes  to  “open”,  along  with  the  biotin at  its 3′

end  binding  with  streptavidin-horseradish  peroxidase  (HRP),  and  subsequent  quantification  of the  target
was detected  via  electrochemical  detecting  the  enzymatic  product  in the  presence  of substrate.  Under
the optimum  experiment  conditions,  the  amperometric  current  response  to HRP-catalyzed  reaction  was
linearly  related  to the  logarithm  of  the  target  nucleic  acid  concentration,  ranging  from  0.3  and  600  pg/�L,
with  the  detection  limit  of  0.012  pg/�L.  A  correlation  coefficient  of  0.9960  was  identified.  The 16S  rRNA
extracted  from  P. aeruginosa  was  analyzed  by  this  proposed  sensor.  The  results  were  in  agreement  with
the reference  values  deduced  from  UV spectrometric  data. The  biosensor  was  indicative  of  good  precision,
stability,  sensitivity,  and  selectivity.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Biosurfactants are amphipathic compounds excreted by
microorganisms. Possessing advantages over their chemical coun-
terparts in biodegradability, e.g. lower toxicity, more ecological
acceptability and effectiveness at extreme temperature and pH
[1–3], they are widely used for emulsification, increasing deter-
gency, wetting and phase dispersion, as well as solubilization [4–6].
Recent researches show that, a large number of biosurfactants are
produced in solid organic matter degradation process, particularly
in compost [7,8]. These biosurfactants have an active influence
in the organic matter degradation process in compost. For exam-
ple, biosurfactants optimize the water and gas phase distribution
in compost medium. They accelerate the forming of liquid mem-
brane on garbage particle surface, and provide biological reaction
sites for the degradation, and also, they can enhance the transfer
and dispersion of organic matter in the liquid film. At the same
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time, they promote the formation of mobility biofilm, thereby
create a favorable condition for high-efficiency bioremediation of
organic pollutants [9].  Rhamnolipid, as a most common biosurfac-
tant, whose characteristics and functions have been deeply studied
[10–13], is a glycolipid-type biosurfactant, mainly produced by
Pseudomonas aeruginosa (P. aeruginosa) [14], a Gram-negative bac-
terium living in soil and aqueous environments [15], as well as in
compost system. Therefore, it is important to investigate the pop-
ulation dynamics of P. aeruginosa for controlling the composting
process.

The stem–loop structured DNA probes are superior to linear
probes in several aspects for the detection of nucleic acid [16].
The greatest advantage is the superior mismatched discrimination.
They also have great potential for real-time monitoring of ana-
lyzes [17]. Stem–loop structure based assays are fast, simple and
inexpensive, and capable of real-time monitoring of nucleic acid
reactions both in vivo and in vitro [18]. Since the first stem–loop
structured oligonucleotide probes called molecular beacon (MB)
reported in 1996 [19], there have been strong interests in its appli-
cations and further development in recent years. Most of early
works showed that molecular beacons have been mainly used
in a homogeneous liquid solution [20–23],  and the vast major-
ity of MBs  utilized a novel implementation of fluorescence energy
transfer. With the development of the research, there are also sev-
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Fig. 1. Working principle of the stem–loop structured biosensor. Before hybridization, the probe is closed, when target nucleic acid was captured by the probe, the con-
formational of the stem–loop structure has changed, triggering the attached biotin group on the electrode surface, binding the streptavidin-horseradish peroxidase (HRP),
which  produced a electrochemical signal.

eral reports on surface-immobilized MBs  for the design of DNA
biosensor. Bockisch et al. reached a conclusion based on a large
number of references: If utilizing the fluorescence energy trans-
fer, the observed fluorescence enhancement of immobilized MBs
would be much less than the MBs  in solution, so immobilized MBs
do not provide the sensitivity desirable for DNA biosensors [16].
Therefore, the electrochemical DNA biosensors based on stem–loop
structured utilized enzymatic amplification have been developed
[16,24].

Quantifying the 16S ribosomal RNA (rRNA) gene can reveal the
abundance of microorganism in the environment. Sequence analy-
sis of the 16S rRNA gene has been widely used to identify bacterial
species and perform taxonomic studies [25–30].  The first use of the
rRNA gene as a target for DNA probes to detect and classify microor-
ganisms was described in 1986 [31]. Although P. aeruginosa can be
cultured easily, it is difficult to get detecting when it is present in
low numbers [32].

In this paper, an electrochemical DNA biosensor based on immo-
bilizing the stem–loop structured oligonucleotide probe on a gold
electrode for P. aeruginosa detection was developed. The stem–loop
structured oligonucleotide probe is specific to P. aeruginosa 16S
rRNA genes, streptavidin-horseradish peroxidase (HRP) label [33]
was used as the conformational switch. The probe contained a
stem of complementary 6 bp segments and a loop recognition
sequence complementary to a 21 bp segments of the 16S rRNA of P.
aeruginosa.  A stem length of 6 bp provided the optimal background-
to-signal ratio [16]. The probe modified with a biotin at its 3′ end
and a thiol at its 5′ end was immobilized onto the gold electrode
surface through self-assembly in the presence of mercaptopropi-
onic acid (MPA). When the target nucleic acid was captured by
the probe, the conformation of the stem–loop structure changed to
trigger the specific interaction between the biotin and streptavidin-
horseradish peroxidase (HRP) on the electrode surface. Therefore,
the quantity of target nucleic acid was detected via electrochem-
ical detecting the enzymatic product (Fig. 1). Total RNA isolated
from P. aeruginosa, was  applied to the biosensor detection after
fragmentation.

2. Materials and methods

2.1. Chemicals and microorganism

P. aeruginosa was purchased from China Centre for Type Culture Collection
in  lyophilized form (the storage number is CCTCC AB93066). Albumin bovine
serum (BSA) and streptavidin labeled horseradish peroxidase (HRP) were pur-
chased from Dingguo Biotechnology Co., Ltd. (Beijing, China). Tris (hydroxymethyl)
aminomethane (Tris) and 3-mercaptopropionic acid (MPA) were supplied by Sigma.
Lysozyme, RNAprep pure Cell/Bacteria Kit and 5× loading buffer were provided by
Tiangen Biotech Co., Ltd. (Beijing, China). Super green II was purchased from Fanbo
Biochemicals Co., Ltd. (Beijing, China). All chemicals used in this study were of ana-
lytical reagent grade. All other solutions were prepared with ultrapure (>18 M�)
water  from a Millipore Milli-Q water purification system. Tris–HCl buffer (0.1 M Tris

adjusted to pH 8.0 with 0.1 M HCl) and Tris–EDTA buffer (TE, 10 mM Tris–HCl and
1  mM EDTA, pH 8.0) were used in this work. The buffer of 0.01 M sodium phosphate-
buffered saline (PBS) was used as incubating and washing buffer of pH 7.4.

2.2.  Oligonucleotides and instrumentation

Based on P. aeruginosa 16S rRNA gene sequences available in GenBank, a
sequence alignment has been applied through the Blast procedure to design the
stem–loop structured probe whose loop sequence mismatched the 16S rRNA gene
sequences of other bacterial strains in more than two positions. The oligonucleotides
were synthesized by Sangon (Shanghai, China). The sequences of the oligonu-
cleotides are shown in Table 1. A single mismatched sequence was applied to test
the  selectivity of the DNA sensor.

Electrochemical measurements were executed on CHI660B electrochemistry
system (Chenhua Instrument, Shanghai, China) with a three-electrode system con-
sisting of a gold working electrode (AiDa Technology Development Co., Ltd, Tianjin,
China) with a diameter of 2 mm,  a Ag/AgCl reference electrode and a platinum wire
auxiliary electrode in a 25 mL  beaker. Gel images were captured on a Gel Doc 2000
imaging system (Bio-Rad Laboratories, USA). A Sigma 1–14 Microcentrifuge (Sigma,
Germany) and a Model CS501-SP thermostat (Huida Instrument, Chongqing, China)
were used in the assay. An Eppendorf BioPhotometer was  used to determine the
concentration of the extracted RNA. All the work was accomplished at room tem-
perature (25 ◦C) unless otherwise mentioned.

2.3. Preparation of RNA sample

P. aeruginosa was  cultured on basic culture medium (adding beef extract 5.0 g,
peptone 10.0 g, agar 20.0 g and NaCl 10.0 g into 1.0 L distilled water, adjusting pH
to  7.0, followed by biocidal treatment) at 37 ◦C for about 36 h. The medium was
solid, meaning P. aeruginosa was grown on plates. Total RNA was isolated from P.
aeruginosa using the RNAprep pure Cell/Bacteria Kit according to the manufacturer’s
instructions (Tiangen Biotech Co., Ltd.). The presence of 16S rRNA was confirmed by
gel  electrophoresis in 1% agarose and TAE running buffer. Isolated RNA was frag-
mented by addition of a special buffer with the volume ratio of 4:1. The buffer was
made with DEPC-treated distilled water, and consisted of 200 mM Tris, 500 mM
potassium acetate, 150 mM magnesium acetate (pH 8.1) [34]. The mixture was incu-
bated in a water bath (95 ◦C) for 10 min, and was  subsequently cooled on ice and
diluted to desired assay concentrations in SSC buffer (75 mM sodium citrate with
750 mM NaCl, pH 7.0) [16].

2.4. Sensor fabrication

The gold electrode surface was first mechanically polished to a mirror with 300
and 50 nm alumina slurry successively, and then was  ultrasonic cleaning with ultra

Table 1
Sequences of the probe and its targets.

Name Sequence

P1 (probe) 5′-(-C6Thiol)-
ggccgtGATAACGTCCGGAAACGGGCGacggcc-
(-3′C6)(biotin)-3′

T1 (P1
complement)

5′-
CGCCCGTTTCCGGACGTTATC-
3′

T1M1 (single
mismatch of P1)

5′-
CGCCCCTTTCCGGACGTTATC-
3′
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Fig. 2. SWVs of different electrodes in a 0.1 M KCl solution containing 5.0 mM fer-
ricyanide. (a) Bare electrode; (b) gold electrode modified with P1 and MPA; (c) the
modified gold electrode incubated 2 h in the presence of T1 at 37 ◦C.

pure water for 3 min. The cleaned electrode was  electrochemically pretreated in
0.5  M H2SO4 by cyclic scans from −0.5 to +1.0 V at 100 mV/s until the shape of cyclic
curves no longer changed. The self-assembly was  carried out by adding 10 �L P1
(10 ng/�L) solution on the gold surface of the electrode, which was then kept at 4 ◦C
for  10 h. After adsorption, the electrode was thoroughly rinsed with PBS solution to
remove any nonbonding materials. It is mentioned that the stem–loop structured
oligonucleotide should be treated subsequently at 75 ◦C and ice-cold water bath for
30 and 10 min, respectively, and the procedure should be repeated again to avoid
the forming of dipolymer [24].

2.5. Hybridization and detection

Hybridization of the target nucleic acid was carried out with adding 10 �L
full complement (T1), or a single mismatch (T1M1) onto the electrodes. Then
the electrode was  incubated at 37 ◦C for 2 h in a humid chamber, followed by
rinsing with PBS solution. It was then soaked in a tube containing 1% BSA (dis-
solved in PBS) for 1 h to block the active sites of the electrodes. After rinsing
by  PBS solution, 20 �L of 1:100 diluted streptavidin-HRP was dropped on the
surface of the electrodes and was incubated at 4 ◦C for 30 min. The electrochem-
ical detection was  carried out by a CHI660B electrochemistry system (Chenhua
Instrument, Shanghai, China). Electrochemical redox current catalyzed by HRP
was  measured amperometrically by addition of 0.1 M H2O2 into PBS (pH 7.4)
containing 1 mM hydroquinone at a working potential of −0.15 V, under unceas-
ing  stirring. The sharply increase of the reduction current suggested that the
streptavidin-HRP have been captured on the electrode. The prepared RNA sam-
ples were applied to the biosensor detection following the same procedure
used for synthetic oligonucleotides. The concentration of the isolated RNA was
also measured by UV spectrometry on Eppendorf BioPhotometer for compari-
son.

3. Results and discussion

3.1. Electrochemical performance of the biosensor

Theoretically, the thiolated oligonucleotides are immobilized
on gold surface specialized through thiol-gold bonding. Previ-
ous studies have demonstrated that using blocking agents would
reduce nonspecific adsorption and maintain original structure in
the biomolecules self-assembly process [35–37].  Herein, MPA  was
used as the blocking agent. P1 probe and MPA  with the molar ratio
of 1:5 were self-assembled on the electrode surface, which exhib-
ited the relatively better performance [24].

The morphological features of the modified electrode were
investigated by square wave voltammetry (SWV). As shown in
Fig. 2, an obvious peak is observed (curve a) at +0.209 V of the bare
gold electrode. And the peak current decreased markedly (curve b)
when the gold electrode was modified with P1 and MPA. This phe-
nomenon implied that the electrode surface had been blocked by
the immobilized biomolecules which impeded the pathway of elec-
tron transfer between the probe-coated electrode and ferricyanide

Fig. 3. Chronoamperometric curves of the different electrodes in the successive
addition of H2O2, amperometric measurements were performed by applying a
working potential of −0.15 V under unceasing stirring until transient currents were
allowed to decay to a steady-state value. (a) Bare gold electrode; (b) T1 probe and
MPA  modified gold electrode,the electrode was incubated 2 h in the presence of
T1M1 (single mismatch of P1); (c) T1 probe and MPA  modified gold electrode, the
electrode was incubated 2 h in the presence of T1 (P1 complement).

in solution [37,38]. Early study showed that the addition of target
nucleic acid made an increase of conductivity for the sensor con-
taining single-stranded probe oriented perpendicular to the gold
electrode surface [39]. But in our work, the peak current decreased
again after hybridization with target nucleic acid (curve c). This was
probably due to the electrostatic repulsion between the negatively
charged ferricyanide ions and the polyanionic phosphate backbone
of DNA layer [37].

The selectivity of the biosensor was  investigated by analyzing
total complementary, and single mismatch oligonucleotide under
the controlled hybridization and electrochemical condition set.
Fig. 3 demonstrated typical chronoamperometric curves of biosen-
sors for successive additions of the same amounts of H2O2 under
optimum experimental conditions [40]. Amperometric responses
of the biosensor to 0.6 ng/�L T1M1 (curve b) and 0.6 ng/�L T1
(curve c) under the optimum experimental conditions were com-
pared, with that of the bare gold electrode also evaluated (curve
a). For P1–T1, the current increment was  2.2 �A upon adding 0.1 M
H2O2 to the detection medium, whereas about 0.2 �A was  detected
for P1–T1M1. The results illustrated that the biosensor exhibited a
rapid and sensitive response in single mismatch discrimination.

3.2. Optimization of self-assembly and hybridization

Previous researchers have demonstrated that the adsorption
kinetics of self-assembly process on an electrode surface could be
often described as a two-step process [41]. First, there is a fast
growth of the film thickness to 80–90% of the final value, typically
within a few minutes, and then a slower reorganization process was
conducted to approach an equilibrium coverage density in approx-
imately 10–20 h. We  studied the effect of self-assembly time of
P1 (10 ng/�L) upon the electron transfer characteristics detected
by SWV  in a 5.0 mM ferricyanide solution containing 0.1 M KCl
(Fig. 4). It was easy to find the peak current response dropped
fast in the first 2 h, but the follow-up testing demonstrated that
the probe coverage did not form a stable and ordered monolayer,
instead produced unstable amperometric response to target DNA.
The current continued to decrease with increasing assembly time
and showed a leveling off after 10 h, indicating that the coverage
of probe had reached saturation. To achieve a highly stable and
ordered oligonucleotide monolayer, self-assembly time of 10 h was
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Fig. 4. The dependence of peak current of SWVs on self-assembly time of P1
(10 ng/�L) measured in a 0.1 M KCl solution containing 5.0 mM ferricyanide. The
vertical bars designate the standard deviations for the means of three replicative
tests.

selected throughout the experiment. The peak current response
increased with the concentration increment of P1 between 0 and
100 ng/�L, and then it showed a very slight increase thereafter,
we used 10 ng/�L in subsequent experiment because the further
increases of P1 led to no increment of the signal.

Hybridization time was also investigated via SWV  method. The
effects of hybridization time vs. the SWV  peak current change
before and after hybridization are displayed in Fig. 5. Hybridiza-
tion efficiency increased with the enhancement of the peak current
change value. The hybridization amount rises fast between 30 and
90 min, and finally shows a leveling off after 120 min. Therefore,
120 min  was selected as the optimal hybridization time for the
whole experiment to ensure high efficiency. Some studies dis-
covered the optimal temperature for hybridization is generally
5–25 ◦C under the melting temperature (Tm) of the probes [37],
and the Tm of P1 in this work was about 75 ◦C, so the optimal
temperature for hybridization in our experiment should be below
50 ◦C. However, relatively higher temperature causing dissocia-
tion of P1–T1 also reduced the efficiency of hybridization [24],
and most early works [24,37] on DNA hybridization demonstrated
that the optimal temperature for hybridization was generally about
37 ◦C. Thus, the optimal hybridization temperature was chosen as
37 ◦C.

Fig. 5. The effects of hybridization time on the SWV  peak current change before and
after hybridization. The applied concentration of T1 was 0.6 ng/�L. The vertical bars
designate the standard deviations for the means of three replicative tests.

Fig. 6. Calibration curves of the sensor response to T1 under the optimal experi-
mental conditions. Inset: linear regression of current response vs. the logarithm of
T1  concentration. The vertical bars designate the standard deviations for the means
of  three replicative tests.

3.3. Calibration of the biosensor for the detection of synthesized
oligonucleotides

Both the cyclic voltammetry and amperometry can show the
HRP-catalyzed reduction current increased with the increment
of the concentration of nucleic acid, but generally speaking, the
amperometry produces much more precise changes at low nucleic
acid concentrations than voltammetry. Thus, the amperometry was
used for the nucleic acid quantification. The insert figure in Fig. 6
shows the amperometric current response to HRP-catalyzed reac-
tion was  linearly related to the logarithm of the target nucleic acid
concentration. Under the optimum experiment conditions, a linear
relationship between 0.3 and 600 pg/�L was obtained. The corre-
sponding regression equation is

I = (0.9092 ± 0.0504) + (0.9343 ± 0.0295) × lgC

where I is the current response (�A), and C is the target nucleic
acid concentration (pg/�L). A correlation coefficient of 0.9960 was
identified. Each of the calibrations was performed three times. The
average of the relative standard deviations (RSD) was 6.8%, with the
detection limit of 0.012 pg/�L. The high sensitivity obtained was
comparable to, or even exceed recently reported values obtained
by DNA sensors [16,24,37].

3.4. Detection of P. aeruginosa 16S rRNA

16S ribosomal RNA is a macromolecule with a complex sec-
ondary structure. So we  employ thermal denaturation and catalytic
fragmentation (the details showed in Section 2.3) to reduce the
potentially inhibitory effects of the secondary structure on the
detection sensitivity. After that, only fragmentation of the target
allowed to be detected. Then hybridization and electrochemical
detection were carried out, which followed the same steps as
detecting T1. Catalytic reduction current was detected at −0.15 V.
The results were in good agreement with the reference values
deduced from UV spectrometric data shown in Table 2. These data
displayed that the average concentration recovered by biosensor
were a little less than the concentration calibrated by UV spec-
trometry. It could be implied that even fragmented 16S ribosomal
RNA poses some sterical constraints for efficient hybridization to
immobilized stem–loop structures, resulting in a reduced detection
sensitivity of 16S RNA [16].
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Table 2
Detection results of 16S rRNA samples from P. aeruginosa by the biosensor and UV
spectrometry.

Concentration calibrated
by UV spectrometry
(pg/�L)

Average concentration
recovered by biosensor*

(pg/�L)

Recovery (%)

5.41 4.95 ± 0.02 91.49
27.80  31.24 ± 0.05 112.37
99.21  95.19 ± 0.07 95.95

130.40  127.52 ± 0.06 97.79

* Average values and standard deviations of three replicates.

4. Conclusions

The proposed study reported an enzyme-amplified ampero-
metric DNA electrochemical biosensor based on conformational
change of stem–loop probe for recognition of target sequence of
P. aeruginosa 16S rRNA at low levels. We  used hybridized oligonu-
cleotides to the sensor at first, under the optimum experiment
conditions, the amperometric current response to HRP-catalyzed
reaction was linearly related to the logarithm of the target nucleic
acid concentration between 0.3 and 600 pg/�L, with a correla-
tion coefficient of 0.9960. The detection limit was  0.012 pg/�L,
exhibiting a very high sensitivity. Total RNA was  isolated from
P. aeruginosa using the RNAprep pure Cell/Bacteria Kit. Thermal
denaturation and catalytic fragmentation were employed to obtain
the target 16S rRNA segments for biosensor detection. The exper-
imental parameters were optimized to maximize the sensitivity
and speed up the assay time. The proposed biosensor was indica-
tive of good sensitivity, precision, and selectivity. The detection
results of 16S rRNA samples from P. aeruginosa were in good
agreement with those of electrophoresis and UV spectrometry.
Through this method, it will be very convenient to investigate
the population dynamics of P. aeruginosa in the composting pro-
cess. The selectivity of the biosensor by detected single mismatch
oligonucleotide under the controlled hybridization and electro-
chemical condition set was  investigated, but the specificity of this
biosensor when challenged with total RNA from another bacterial
species in actual tests are not analyzed, we will do it in the further
experiments. Future studies are needed for the reusability of the
biosensor.
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