
Contents lists available at ScienceDirect

Biosensors and Bioelectronics

journal homepage: www.elsevier.com/locate/bios

A new aptamer/polyadenylated DNA interdigitated gold electrode
piezoelectric sensor for rapid detection of Pseudomonas aeruginosa

Xiaohong Shia,b, Jialin Zhanga, Fengjiao Hea,⁎

a State Key Laboratory of Chemo/Biosensing and Chemometrics, College of Chemistry and Chemical Engineering, Hunan University, Changsha 410082, China
bDepartment of Chemistry, Taiyuan Normal University, Jinzhong 030619, China

A R T I C L E I N F O

Keywords:
P. aeruginosa
Aptamer
Poly(A)DNA
Au IDE-MSPQC sensor
Magnetic bead

A B S T R A C T

Rapid detection of Pseudomonas aeruginosa (P. aeruginosa) is of great importance for accurate diagnosis and
treatment of infected patients. In this study, a novel method was developed for the selective detection of P.
aeruginosa by combing the sandwich type complex of magnetic bead/aptamer/polyadenylated-DNA with the
sensitive detection platform of gold (Au) interdigital electrode connected to a multichannel series piezoelectric
quartz crystal (Au IDE-MSPQC) system. Here, the magnetic bead (MB) was used as carrier for immobilization of
the aptamer of P. aeruginosa. Polyadenylated DNA was bound to the aptamer through complementary strand
pairing. When the P. aeruginosa was present in the sample solution, the polyadenylated DNA was replaced by the
P. aeruginosa because of the specific interaction between P. aeruginosa and its aptamer. The released poly-
adenylated DNA strand in the detected solution could adsorb onto the surface of Au IDE by virtue of the strong
interaction between adenine (A) and Au IDE, and result in sensitive frequency shift response of the MSPQC
sensor. The limits of detection (LOD) of the method were as low as 9 CFU/mL in buffer and 52 CFU/mL in
simulated blood sample. The proposed method was successfully applied to the selective detection of P. aeruginosa
in blood samples. The constructed sensor is expected to find application for the rapid detection of P. aeruginosa in
environment, food and clinical diagnosis.

1. Introduction

P. aeruginosa is an opportunistic pathogen that is widely distributed
in soil, water, air, food, animals and humans (Lister et al., 2009). It is
also one of the main pathogens of nosocomial infection (Choi et al.,
2013). When the immune system is attacked by the P. aeruginosa, ser-
ious infection may occur, such as metabolic disease, cancer, etc
(Wiehlmann et al., 2012; Zhang et al., 2012). Therefore, the rapid de-
tection of P. aeruginosa is significantly important for making a timely
and accurate clinical diagnosis, water and food safety control (Ardura
et al., 2013; Tang et al., 2013).

Currently, the most commonly used methods for detecting P. aeru-
ginosa are via culture-dependent means (Deschaght et al., 2011; Weiser
et al., 2014), but these are time consuming. In addition, a subsequent
biochemical identification is needed for further confirmation as to
whether the infection is due to P. aeruginosa (Aghamollaei et al., 2015).
Molecular-based biological methods have also been developed to
shorten the detection time. For example, PCR-based assays are used to
simultaneously detect and identify P. aeruginosa (Gall et al., 2013).
These assays are specific and sensitive, but some limitations exist, such

as the tedious process that is involved for the RNA or DNA extraction,
the extremely strict operation and the high cost of the instrument and
reagents. The loop-mediated isothermal amplification (LAMP) method
is a new nucleic acid amplification technology that has been used for
the identification of P. aeruginosa (Diribe et al., 2015). Although the
cost of LAMP is less than PCR, it also requires DNA extraction and strict
operating conditions. Wang et al. proposed the colloidal gold immune-
chromatography assay for the detection of P. aeruginosa using the spe-
cific interaction between the outer membrane protein (OprF) of P.
aeruginosa and its antibody (Wang et al., 2011b). This strategy, based
on the reaction between the antigen and the antibody, is simple, rapid
and specific, but the cost of the antibody is high. As a new type of
recognition molecule, aptamers have been used to detect a variety of
analytes (ions, small molecules, proteins, cells, etc.) (Bahareh et al.,
2018; Lu et al., 2010; So et al., 2005; Tan et al., 2013). An aptamer is a
short single-stranded DNA molecule with a special three-dimensional
structure that has a selective recognition to its target. The chain length
of an aptamer is usually 20–80 bases (Sun and Zu, 2015). Compared
with an antibody, an aptamer has a higher stability and is easier to
synthesize and modify (Chen and Yang, 2015). A P. aeruginosa aptamer
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(F23) (Wang et al., 2011a) can be used to detect P. aeruginosa in water
by a fluorescent labeling method (Kim et al., 2013). This method is fast,
specific and sensitive, but it requires a fluorescent labeling marker.
Besides, the fluorescence assay requires costly instrument, and is sus-
ceptible to background fluorescence interference. Therefore, it is ne-
cessary to develop new low-cost, simple, label-free, rapid and specific
methods for detecting P. aeruginosa in complicated samples.

Piezoelectric quartz crystal (PQC) sensors have attracted a lot of
attention due to their sensitive response, easy operation and low cost
(Chen et al., 2018; Lakshmanan et al., 2014; Zhang et al., 2017a). A
series piezoelectric quartz crystal (SPQC) sensor is constructed by
connecting a piezoelectric quartz crystal (PQC) with a conductive
electrode in series. The SPQC sensor shows a sensitive frequency re-
sponse to changes in the electric parameters in a solution (Jang et al.,
2009) and is more stable than common PQC (Shen et al., 1993). The
development of a multi-channel SPQC (MSPQC) sensor allows for the
parallel detection of multiple samples (Mi et al., 2012; Tong et al.,
2014). An interdigital electrode (IDE) consists of a series of parallel
microband electrodes. The micro-gap between the cathode and the
anode allows the IDE to detect tiny changes on its surface. An IDE-
MSPQC has a sensitive frequency response to electrical parameters of
the electrode surface and has been used to construct sensors for the
rapid detection of targets (He et al., 2016; Zhang et al., 2017b).

Poly adenines Poly(A) have strong affinity with Au (Pei et al.,
2012). Compared with HS-DNA, Poly(A)-DNA has greater coverage
density on electrode surface at the same concentration (Zhu et al.,
2016). In this study, a novel strategy was developed, which utilized
magnetic bead-aptamer-Poly(A) DNA complex coupled with IDE-
MSPQC for the rapid and selective detection of P. aeruginosa. The
magnetic bead-aptamer-Poly(A) DNA had a sandwich-type structure,
and a magnetic bead (MB) was used to immobilize the P. aeruginosa
aptamer. The Poly (A) extended DNA strand was partially com-
plementary to the aptamer. To ensure that only polyA existed in the
final test solution, it was necessary to separate the Poly(A)DNA and
aptamer-MB for avoiding the non-specific adsorption of aptamer on the
surface of the gold surface. The magnetic separation is a simple and
effective way to get the detected Poly(A)DNA probe, so the MB is

selected. The sensor was applied to selectively detect P. aeruginosa.

2. Experimental

2.1. Materials

Streptavidin-MB (Henan Huier Nano Technology Co., Ltd.); Sterile
defibrinated sheep blood (Guangzhou Ruite Biotechnology Co., Ltd.);
Blood agar (Guangdong Central Key Microbial Technology Co., Ltd.);
Buffer A (2×washing and binding buffer): 10mM Tris-HCl, 1 mM
EDTA, 2M NaCl, pH 7.5; Buffer B (for blocking non-specific adsorption
sites on MB): 0.1 M NaCl, 0.1 M PBS (pH 7.3), 0.05% Tween-20; Buffer
C (for DNA hybridization and storage): 10mM Tris-HCl, 5 mM KCl,
1 mM CaCl2, 2 mM MgCl2, 150mM NaCl, pH 7.5; nutrient broth(NB):
beef extract 0.5 g, peptone 1 g, NaCl 0.5 g, ultrapure water 100mL; pH
7.2.

P. aeruginosa aptamer (Biotin-target probe):
Biotin-(CH2)6CCCCCGTTGCTTTCGCTTTTCCTTTCGCTTTTGTTCGT

TTCGTCC CTGCTTCCTTTCTTG;
Poly(A)-DNA (Poly(A)-detection probe):
AAAAAAAAAACAAGAAAGGAAGCAGGG
All of the above DNA sequences were synthesized and purified by

Shanghai Sangon Biological Science and Technology Company Co., Ltd.
(Shanghai, China).

2.2. Bacteria

Pseudomonas aeruginosa (P. aeruginosa ATCC 27853), Escherichia
coli (E. coli ATCC 25922), Staphylococcus aureus (S. aureus ATCC
25923), Klebsiella pneumoniae (K. pneumoniae ATCC33495),
Streptococcus pyogenes (S. pyogenes ATCC 19615), E. cloacae (E. cloacae
clinical isolate strain) and Enterococcus faecalis (E. faecalis clinical iso-
late strain) were obtained from the Hunan Children's Hospital (China).
Each strain in pure culture was transferred into a sterilized conical flask
containing Nutritional broth (NB). After incubation in shaker for 24 h at
37 °C, the conical flask was removed from the shaker and preserved in a
refrigerator at 4 °C for further use.

Fig. 1. Schematic representation of the IDE-MSPQC sensor: I, detection system; II, microprocessor & data output system; III, equivalent electric circuit model of the
IDE-MSPC; IV, simplified equivalent electric circuit model of the system; (a) and (b), photographs of the sensor.
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2.3. Apparatus

MSPQC (self-designed product in our lab, China), its schematic
diagram is shown in Fig. 1a. Au IDE was ordered from the Dalian In-
stitute of Chemical Physics (Chinese Academy of Science). It patterned
on SiO2 surface using an image reversal technique. The middle layer
was Ti that its thickness was about 20 nm. The outermost layer was
deposed with Au which thickness was about 200 nm. The whole elec-
trode contained six interdigital couples. The dimension of each elec-
trode was 3mm in length and 0.1mm in width with a distance between
electrodes of 0.1mm.

2.4. Preparation of the MB-aptamer-Poly(A)DNA

First, 20 μL of the 10mg/mL streptavidin-labeled MB was washed
with buffer A to remove the residual NaN3 protection solution. Then, it
was resuspended in 100 μL buffer A. Next, 100 μL of 1.0 μM biotinylated
aptamer was added, and it was incubated with the streptavidin-labeled
MB for 30min to generate the aptamer-MB. This was further washed
with 400 μL buffer B to remove the unbound aptamer, and the exposed
reaction sites of the MB were blocked. After magnetic separation, the
MB-aptamer was resuspended in 100 μL of buffer C. Finally, 100 μL of
1.0 μM Poly(A)DNA was added into the MB-aptamer suspension reac-
tion, and it was incubated for 1 h to form the MB-aptamer-Poly(A)DNA.
Finally, the MB-aptamer-Poly(A)DNA was washed using buffer C until
no DNA was detected in the discarded solution.

2.5. Detection of P. aeruginosa in simulated blood samples using the
proposed method

Sterile defibrinated sheep blood was spiked with different con-
centrations of P. aeruginosa and was used as the simulated positive
control samples. A blank control was used as the negative sample. A
total of 100 μL of the Poly(A)DNA-aptamer-MB was added to 500 μL of
the sample solution. The obtained mixture was incubated at room
temperature for 30min followed by magnetic separation to obtain the
test solution, which contained Poly(A)DNA. The test solution was added
to the test cells in the Au IDE-MSPQC system, and the change of the IDE
surface was monitored in real-time. The curve of the frequency shift
(ΔF)-time (t) was automatically recorded and saved.

3. Results and discussion

3.1. The Au IDE-MSPQC system

The schematic diagram of the detection system and the corre-
sponding equivalent circuit are shown in Fig. 1.

As shown in Fig. 1(III), C0, Lq, Cq and Rq are static capacitance,
motional inductance, motional capacitance and motional resistance of
AT cut 9MHz quartz crystal, respectively; Cs and Rs are equivalent
capacitance and resistance of detection medium, respectively; Cf and Rf

are equivalent capacitance and resistance of adsorbent layer of IDE,
respectively. Because Cs and Rs of the solution changed little during the
detection process, so Fig. 1(III) is simplified to Fig. 1(IV). The detailed
explanation of the frequency shift response characteristics of the elec-
tric parameters was described in Supporting Information.

The change of resistance (i.e.Rt) and capacitance (i.e.Ct) of IDE and
solution in detection process can result in the sensitive frequency shift
response of Au IDE-MSPQC sensor.

3.2. Strategy of the P. aeruginosa sensor based on magnetic bead-aptamer-
polyadenylated DNA and Au IDE-SPQC

The detection mechanism diagram of the proposed sensor is shown
in Fig. 2. The aptamer was immobilized onto the MB through the in-
teraction between the terminal biotin of the aptamer and the modified

streptavidin on the MB. The modification of the Poly(A)DNA onto the
MB-aptamer was achieved through the complementary base-pairing
reaction of the Poly(A)DNA with the aptamer. When the P. aeruginosa
was present in the sample, it bound to the MB and replaced the Poly(A)
DNA, because the interaction between P. aeruginosa and its aptamer was
stronger. The released Poly(A)DNA adsorbed on the gold surface of the
IDE effectively because of the high affinity between the adenines of the
Poly(A) sequences and gold. The adsorption triggered a sensitive signal
shift in the frequency of the MSPQC sensor.

3.3. The typical response curve of the proposed sensor to P. aeruginosa

The typical response curve (ΔF versus t) of the Poly(A)DNA-Au IDE-
MSPQC sensor to indirectly detect 8.1× 104 CFU/mL of P. aeruginosa is
shown in Fig. 3 (curve c).

Curve (a) and curve (b) represent the response curves of the Au IDE-
MSPQC corresponding to blank control sample without P. aeruginosa
and the sample without the ployA DNA modified MB-aptamer probe for
the detection of the P. aeruginosa sample with 8.1×104 CFU/mL, re-
spectively. There was no obvious frequency shift (ΔF) response in curve
(a) and curve (b), which indicated that the resistance in the IDE surface
did not change in the testing process. In contrast, the ΔF in curve (c)
increased gradually over about the first 10min, and then, it reached a
maximum and plateaus over the remaining time. This phenomenon
originated from the interaction between the Au IDE and the Poly(A)
DNA, which was released from the MB into the test solution, due to the
presence of P. aeruginosa. The frequency shift (ΔF) increased with the
increase in the resistance of the electrode surface via the accumulation
of the Poly(A) onto the Au IDE, and then, it reached a plateau. The
obvious difference in the value of ΔF at the plateau in curve (a) and
curve (b) indicated that the presence of Poly(A)DNA substituted by P.
aeruginosa resulted in the ΔF response of the MSPQC.

3.4. Optimization of parameters in preparation of the proposed sensor

In this study, we tried to optimize the effective experimental para-
meters of the aptamer concentration and the reaction time of aptamer
with P. aeruginosa. The detection results are shown in Fig. S1. As shown
in Fig. S1 (a), the frequency shift increased with the increase of aptamer
concentration from 200 nM to 1.0 μM. It suggested that sparse aptamer
could not detect the target completely. When the concentration of ap-
tamer increased up to 1.2 μM, the frequency shift decreased. It meant
that the dense aptamer molecules might cause space obstacle and ex-
cessive accumulation which could evidently reduce the identification
sites and influence the recognition ability of the target molecules. So,
1.0 μM aptamer was used to immobilize on MB for subsequent experi-
ments. From Fig. S1 (b), it could be seen that the ΔF increased with the
extension of the reaction time between aptamer and its target. When
the reaction time over 30min, the change of the signal intensity was
quite slow and small. Thus, the 30min was chosen as the reaction time.

3.5. Detection of different concentrations of P. aeruginosa by the proposed
method

In the proposed method, different concentrations of P. aeruginosa
were detected, and the results are shown in Fig. 4. The frequency shift
(ΔF) increased with the concentration of P. aeruginosa. A linear re-
lationship was obtained between ΔF and the logarithm concentration of
P. aeruginosa, and it was in the range of 8.1× 101 to 8.1× 105 CFU/
mL. The equation was ΔF =23.9 lgc - 5.36, R2 = 0.98. The relative
standard deviation (RSD) of five parallel experiments was in the range
of 1.2% to 4.5%, which indicated a good reproducibility. The detection
limit was 9 CFU/mL, which was calculated as the ratio of three times
the noise standard deviation of the blank over the sensitivity.

The classic plate count method was used to verify the accuracy of
the proposed method for the detection of P. aeruginosa, and the results
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are shown in Table S1. The results were analyzed by the T-test:
P= 0.899 > 0.05, which indicated that there was no significant dif-
ference between the two methods. However, the detection time of the
proposed method was shorter than the culture method. The compari-
sion of the proposed method with previously reported one is shown in
Table S2. The proposed method showed a high specificity and sensi-
tivity for the detection of P. aeruginosa.

3.6. The specificity analysis of the sensor

To evaluate the selectivity of the proposed assay, six other patho-
genic bacteria (E. coli, S. aureus, E. faecalis, K. pneumonia, S. pyogenes
and E. cloacae) were detected using our method. The concentration of
these strains was 1.0× 103 CFU/mL. The obtained frequency shifts are
shown in Fig. 5. Remarkably, there was no obvious signal response of
these strains except for P. aeruginosa. This demonstrated that the sensor

could selective detection of P. aeruginosa.

3.7. Detection of P. aeruginosa in a simulated blood sample

To test the potential application of the proposed method in practical
samples such as blood samples, we further applied our method to detect
P. aeruginosa in simulated blood samples. The sterile defibrinated sheep
blood samples were spiked with five different concentrations of P.
aeruginosa to obtain simulated positive samples, with three replicates
for each sample. The calibration curve for the detection of P. aeruginosa
in simulated blood samples is shown in Fig. 6. A linear relationship was
obtained between ΔF and the logarithm concentration of P. aeruginosa,
and it was in the range of 1.9× 102 to 1.0× 106 CFU/mL. The equa-
tion was ΔF =24.70 lgc – 7.38, R2 = 0.99. The sensor response ob-
tained from negative blood sample was considered as blank signal in
this case. Since the negative samples did not contain any bacteria, we
attribute the response signal to the nonspecific adsorption of protein
components of blood on the gold surface of the IDE. For the 20 simu-
lated negative control samples, the average value of ΔF was 22 Hz and
standard deviation (Sd) was 4 Hz. At the 99% confidence interval range
(x ± 3Sd), frequency shifts of the negative samples were from 10 to 34
(Hz). The 34 Hz frequency shift detected by the proposed sensor was
used as the criterion to differentiate a negative or positive result. If the
detected frequency shift ΔF ≤ 34 Hz, the result was considered nega-
tive, and if ΔF>34 Hz, the result was considered positive. Therefore,
according to the criteria for the positive/negative assessment, the LOD
was 52 CFU/mL. The assay could be improved by selecting more sui-
table sensing electrode and better sample handling. To evaluate the
specificity of the proposed assay in sterile defibrinated sheep, 1.0× 104

CFU/mL bacteria that commonly appeared in the clinic (E. coli, S.
aureus, E. faecalis, K. pneumonia, S. pyogenes and E. cloacae) were de-
tected. The values of ΔF are 31, 21, 23, 28, 26 and 30 (Hz), respectively,
these were the averages of three replicates, these values were below
34 Hz. These results indicate that the selected bacteria are not sig-
nificant in causing interference with the determination of P. aeruginosa
in sterile defibrinated sheep samples. The developed method exhibits

Fig. 2. Strategy of the MB-aptamer-Poly(A)DNA coupled with Au-IDE-MSPQC system to detect P. aeruginosa. (a) The preparation of MB-aptamer-Poly(A)DNA; (b)
The detection of P. aeruginosa by the adsorption of released Poly(A)DNA onto the Au IDE surface.

Fig. 3. The typical response curves (a) no P. aeruginosa; (b) no ployA DNA
modified MB-aptamer; (c) 8.1×104 CFU/mL P. aeruginosa were detected by
the proposed sensor.
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good specificity for P. aeruginosa. The analysis of real samples (urine,
blood, etc.) is our future work to further ensure the diagnosis sensitivity
and specificity in the clinic.

4. Conclusion

In this study, a novel sensing method was developed to specifically
detect P. aeruginosa by combining a magnetic bead-aptamer-poly(A)
DNA with the sensitive Au IDE-MSPQC technology. The sensing elec-
trode of the sensor did not any modifications, which was in constrast
with the conventional electrochemical electrode. The proposed assay
was simple, fast, specific and sensitive. Thus, this strategy provides a
new path for the selective detection of P. aeruginosa in the clinic and in
food and environmental sectors. In addition, alternative detection
probes and capture probes can be used for detection of other targets. At
this time, the real samples from patients were not detected, this analysis
is being pursued in our future work.
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Fig. 4. (a) Response curves of different concentration P. aeruginosa (a, 0 CFU/mL; b, 8.1×101 CFU/mL; c, 8.1×102 CFU/mL; d, 8.1×103 CFU/mL; e, 8.1×104

CFU/mL; f, 8.1×105 CFU/mL); (b) The calibration curve between the frequency change and concentration of c(logarithm). The measurements were repeated 3 times
to obtain the standard deviation.

Fig. 5. Frequency shift response of different bacteria. The concentration for all
detected strains was 1.0× 103 CFU/mL. The error bars present the standard
deviation of three replicate determinations.

Fig. 6. Standard calibration for P. aeruginosa in simulated blood samples. Each
data point represents the mean and standard deviation of three replicates.
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