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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Double-stranded DNA branch migration 
was firstly applied to bacterial 
biosensing. 

• Both HCR and DNAzyme feedback cir
cuit were contributed to amplify the 
signal. 

• Protein enzymes and complex signal 
amplification procedures are not 
required. 

• The biosensor exhibits high sensitivity 
and specificity for detecting 
P. aeruginosa.  
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A B S T R A C T   

Pseudomonas aeruginosa (P. aeruginosa) is one of the most common bacteria in nosocomial infection. Here, a novel 
fluorescence biosensor based on double-stranded DNA branch migration-induced hybridization chain reaction 
(HCR) and DNAzyme feedback circuit was constructed for sensitive detection of P. aeruginosa. The binding of 
P. aeruginosa with its aptamer on a DNA three-way junction structure initiated the double-stranded DNA branch 
migration to form two DNA “Y” junction structures. One DNA “Y” junction structure opened the fluorescence- 
labelled DNA hairpins and triggered the HCR. The other DNA “Y” junction structure formed a double- 
stranded DNAzyme and cleaved the specific ribonucleotide site, producing new triggering probes to start the 
next cycle of the double-stranded DNA branch migration. Ultimately, a large number of DNA “Y” junction 
structures were produced, which greatly promoted signal amplification. Under optimized conditions, the pro
posed biosensor detected a wide linearity range of 102–107 CFU mL− 1, and the limit of detection was 37 CFU 
mL− 1 (S/N = 3). The recovery test results indicated that the biosensor has promising clinical application po
tential. Because of the simultaneous initiation of the HCR and the DNAzyme feedback circuit through the double- 
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stranded DNA branch migration, the constructed biosensor provided an ideal platform for pathogenic bacteria 
detection without protein enzymes and complex signal amplification procedures.   

1. Introduction 

Bacterial infection has become a major threat to public health 
worldwide, and it can cause serious consequences for people’s health 
and wellbeing [1]. Among the various pathogenic bacteria, Pseudomonas 
aeruginosa (P. aeruginosa) is one of the most common bacteria in noso
comial infections [2]. Its infections are associated with high morbidity 
and mortality in hospitalized patients with compromised immune sys
tems [3]. At present, conventional detection methods for P. aeruginosa 
include plate culture, polymerase chain reaction (PCR) and mass spec
trometry. As the gold standard, plate culture is accurate but 
labor-intensive and time-consuming [4]. PCR is commonly used for 
clinical diagnoses, but it requires strict protocols and professionally 
trained operators [5]. Mass spectrometry also requires large-scale and 
sophisticated instruments [6]. Consequently, it is essential to develop a 
both sensitive and rapid method for the detection of P. aeruginosa. 

To this end, biosensors have been explored for the detection of 
pathogenic bacteria and include electrochemiluminescence biosensors 
[7], colorimetric biosensors [8], fluorescence biosensors [9], and 
nanomachine biosensors [10]. Among these methods, fluorescence 
biosensors have attracted considerable attention due to their ease of 
operation, high speed and capacity for high-throughput screening [11]. 
Utilizing the specific binding of biological recognition molecules (for 
example, nucleic acids, and enzymes) and target analyte, the fluores
cence biosensors can realize the specific biological recognition sensing 
[12]. Furthermore, the development of DNA nanotechnology and ma
terials promoted the multifunctional and generalized applications of 
fluorescence biosensors. For example, Qiu et al. developed an all-in-one 
paper-based analytical device for visual and sensitive fluorescence 
detection of carcinoembryonic antigen by combining quantum 
dot-enzyme-impregnated paper with DNA-gated mesoporous silica 
nanocontainers [13]. The bacterial concentration is often extremely low 
in the early stage of infection. Therefore, many signal amplification 
methods have been developed in combination with fluorescence bio
sensors, such as rolling circle amplification (RCA) [14], strand 
displacement amplification (SDA) [15], catalytic hairpin assembly 
(CHA) [16], and hybridization chain reaction (HCR) [17]. Recently, 
HCR has attracted much attention due to its simple operating procedure, 
gentle reaction condition and high versatility [18]. In the presence of 
triggering chains, long dsDNA polymers can be generated due to a 
self-sustained hybridization reaction of two metastable DNA hairpins 
[19]. Unlike other signal amplification methods, HCR is a characteristic 
isothermal signal amplification strategy and does not require protein 
enzymes [20]. Thus, HCR can be utilized as a signal amplification 
method to construct fluorescence biosensors for bacterial detection. 
However, a single HCR has a relatively low reaction velocity and 
amplification efficiency, which limits its application for analysing trace 
amounts of biomarkers [21]. Owing to these circumstances, many 
improved strategies have been proposed. For example, Yang et al. re
ported a branched HCR signal amplification method for the detection of 
Pb2+ [22]. A nonlinear HCR has also been reported for detecting miRNA 
[19]. These methods overcome some defects of conventional HCR, but 
they are still faced with the problem of low efficiency or complex pro
cedures [23]. 

DNAzymes are a type of DNA molecule with a variety of specific 
catalytic functions [24,25]. Compared with protein enzymes, DNA
zymes have some natural advantages, such as good stability, easy syn
thesis and modification, and low preparation costs [26,27]. Therefore, 
DNAzymes are often applied in combination with other signal amplifi
cation methods. DNAzyme feedback circuit is a cyclic system for signal 
amplification [28]. In this system, more products are accumulated via a 

new cleaving cycle [29]. Recently, Wei et al. reported a HCR driving 
DNAzyme feedback circuit for in vitro and in vivo amplified miR-21 
imaging [21]. By integrating HCR and a DNAzyme, the method ach
ieved a lower detection limit compared with HCR alone. Therefore, in 
the present work, the combination of HCR with a DNAzyme feedback 
circuit was considered to be an ideal method for detecting pathogenic 
bacteria. 

Double-stranded DNA branch migration, also known as Holliday 
junction, is a nucleic acid hybridization method commonly used for the 
detection of single nucleotide polymorphisms (SNPs) because of its 
specific double recognition of SNP sites [30–32]. However, this method 
has not been reported in the field of non-nucleic acid target detection. 
Notably, by undergoing a series of four-stranded states, two DNA “Y” 
junction structures are produced eventually via the double-stranded 
DNA branch migration. The two DNA “Y” junction structures are ideal 
initiators that simultaneously trigger the HCR and the DNAzyme feed
back circuit because of the linked branches at their ends [33]. Further
more, the protruding branches can bind with P. aeruginosa aptamer 
through Watson-Crick base pairing. Aptamers are DNA or RNA se
quences that can identify a variety of target molecules with high spec
ificity and affinity [34]. In our team’s previous work, the aptamer was 
used as a recognition element for the detection of Escherichia coli [35] 
and staphylococcal enterotoxin B [36]. Herein, inspired by the above 
strategies, a novel fluorescence biosensor was constructed for the 
detection of P. aeruginosa. The aptamer was used to ensure recognition 
specificity. In the presence of P. aeruginosa, two DNA “Y” junction 
structures were produced through the double-stranded DNA branch 
migration. The HCR and the DNAzyme feedback circuit were triggered 
simultaneously by the DNA “Y” junction structures, which greatly pro
motes the signal amplification capacity. Signal amplification induced by 
the double-stranded DNA branch migration does not require protein 
enzymes and complex signal amplification procedures, which provides 
an ideal fluorescent detection platform for pathogenic bacteria. The 
biosensor had good sensitivity and specificity, which also showed great 
clinical application potential. 

2. Material and methods 

2.1. Reagents and apparatus 

P. aeruginosa (ATCC 27853) was obtained from the American Type 
Culture Collection (ATCC, USA). Staphylococcus aureus (S. aureus), 
Escherichia coli (E. coli), Acinetobacter baumannii (A. baumannii) and 
group B streptococcus (GBS) were obtained from the First Affiliated 
Hospital of Chongqing Medical University. Tris(hydroxymethyl)- 
aminomethane hydrochloride (Tris-HCl, 1 M, pH 7.8), 4-(2-hydrox
yethyl) piperazine-1-ethanesulfonic acid (HEPES, 1 M, pH 7.8), phos
phate buffered saline (PBS, pH 7.4), sodium chloride and magnesium 
chloride were obtained from Sangon Biotechnology, Co. (Shanghai, 
China). All materials and reagents used in this work were used directly 
without any purification. DNA oligonucleotides were synthesized and 
purified by high-performance liquid chromatography at Beijing Geno
mics Institute (BGI). DNA hairpins were heated to 95 ◦C for 3 min and 
then cooled to room temperature (25 ◦C) for 2 h before use. Ultrapure 
water (Milli-Q 18.2 MΩ cm, Millipore, Inc) was employed in all of the 
experiments. The sequences of all oligonucleotides are listed in Table S1. 
The reference aptamer sequence was previously identified with SELEX 
method [37]. 

The recognition effect between the aptamer and P. aeruginosa was 
analysed by upright fluorescence microscopy (Nikon ECLIPSE 80i, 
Japan). Fluorescence measurements were carried out on a Cary Eclipse 
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fluorescence spectrophotometer (Agilent Technologies, USA). A T100™ 
Thermal Cycler (Bio-Rad, USA) was used to heat the DNA hairpins. The 
gel electrophoresis images were obtained using an electrophoresis 
apparatus (DYY-6C, LIUYI, China) and imaging system (Bio-Rad Labo
ratories, USA). 

2.2. Bacterial culture 

LB broth medium (500 mL) was prepared with 5 g sodium chloride, 
5 g tryptone, 2.5 g yeast extract, 7.5 g agarose and 500 mL of ddH2O. 
P. aeruginosa and the other bacterial strains were cultured on LB plates in 
an incubator containing 5% CO2 at 37 ◦C for 16–24 h. Fresh bacteria in 
PBS were obtained by washing the plates with sterile PBS, and the 
number of bacteria was determined by McFarland turbidimetry. Bacte
rial suspensions of different concentrations (102, 103, 104, 105, 106, 107 

and 108 CFU mL− 1) were prepared in PBS. 

2.3. Specific binding ability between the aptamer and P. aeruginosa 

A FAM-labelled aptamer was chosen to verify the specific binding 
activity between the aptamer and P. aeruginosa. P. aeruginosa, S. aureus 
and A. baumannii (the latter two were negative controls) were incubated 
in a 200 nM fluorescent P. aeruginosa aptamer solution for 2.5 h at room 
temperature, respectively. Afterwards, the solution was centrifugated at 
5000 rpm for 5 min, then the sediment and supernatant were collected, 
respectively. The sediment samples were observed by fluorescence mi
croscopy and the supernatant was measured by Cary Eclipse fluores
cence spectrophotometer (excitation and emission wavelengths: 490 nm 
and 520 nm, respectively; excitation and emission slits: 5 nm each). 

2.4. Polyacrylamide gel electrophoresis 

Polyacrylamide gel electrophoresis (PAGE) was performed to verify 
the feasibility of the double-stranded DNA branch migration and HCR,. 
In brief, the samples were injected into a 12% native polyacrylamide gel 
and electrophoresis was performed at 130 V for 50 min. The gel was then 
stained with 4S GelRed for 10 min. Finally, the gel was visualized under 
UV irradiation using a gel image system. 

2.5. Fluorescence kinetics 

2.5.1. Double-stranded DNA branch migration 
1 μL of 10 μM B1 and 1 μL of 10 μM B2 were added to 48 μL of buffer 

A (10 mM HEPES containing 20 mM MgCl2, pH 7.8) and incubated for 
20 min to form B1B2. A1′A2′ was formed in the same way. These two 
solutions were then mixed, and the fluorescence intensity was detected. 

2.5.2. Cleaving activity of DNAzymes 
For the 100 nM DNAzyme reaction system, 25 μL of buffer A con

taining 400 nM B1B2 was mixed with 25 μL of buffer A containing 400 
nM A1A2 to obtain a solution containing B1A1. This solution was then 
added to 50 μL of 200 nM substrate chain S and the fluorescence in
tensity was detected. For the 4 nM DNAzyme reaction system, the B1A1 
solution was diluted 25 times, and the same reaction volume was 
chosen. 

2.5.3. DNAzyme feedback circuit 
Buffer A (25 μL) containing 400 nM each of C1, C2, D1 and D2 was 

mixed with buffer A (25 μL) containing 400 nM B1A1. This mixture was 
then added to 50 μL of buffer A containing 200 nM A1’’A2’’, and the 
fluorescence intensity was detected. For the negative control, no B1A1 
was added, and the total volume of the final solution remained 
unchanged. 

2.6. Fluorescence detection of P. aeruginosa 

1 μL of 10 μM each of B1, B2 and aptamer was added to 92 μL of 
buffer B (10 mM Tris-HCl containing 20 mM MgCl2 and 100 mM NaCl, 
pH 7.4) for 20-min incubation. Next, 5 μL of P. aeruginosa solution with 
different concentrations was added to the above solution and incubated 
at 37 ◦C for 50 min. After P. aeruginosa had bound to the aptamer, the 
solution was centrifuged at 5000 rpm for 5 min and the supernatant 
containing B1B2 was collected. Next, 200 μL of buffer A containing 50 
nM each of A1, A2, C1, C2, D1, and D2 and 200 μL of buffer A containing 
250 nM each of H1, and H2 were mixed with the above supernatant to 
form a final 500 μL reaction solution. The mixture was incubated at 
25 ◦C for 100 min. Finally, the fluorescence intensity of the reaction 
solution was detected. 

2.7. P. aeruginosa analysis in urine samples 

To evaluate the potential clinical application of the fluorescence 
biosensor, different concentrations of P. aeruginosa were added to urine 
samples (diluted 10 times with PBS buffer) to prepare the reaction so
lutions. The detection was performed under the optimum conditions and 
the recovery rate and relative standard deviation (RSD) were calculated. 

3. Results and discussion 

3.1. Principle of the biosensor for P. aeruginosa detection 

The principle of the biosensor is shown in Scheme 1: First, the DNA 
“Y” junction structure B1B2 (B1, B2 each represents a ssDNA strand) 
bound to the P. aeruginosa aptamer to form a three-way junction (3WJ) 
structure. P. aeruginosa could bind to the aptamer specifically and 
release B1B2, thus triggering the double-stranded DNA branch migra
tion with another DNA “Y” junction structure A1A2 due to the binding of 
the exposed double toehold regions (the red and green parts of region I 
and II). After a transient retention of the intermediate product, another 
two DNA “Y” junction structures, B1A1 and B2A2, were eventually 
produced. One end of B1A1 formed the active structure of a double- 
stranded DNAzyme (the region III), which cleaved the ribonucleotide 
site on C1 and C2 of a four-stranded DNA structure. Because of the 

Scheme 1. Schematic of the fluorescence biosensor based on double-stranded 
DNA branch migration-induced HCR and DNAzyme feedback circuit for sensi
tive detection of P. aeruginosa. 
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binding instability, double toehold regions of C1C2 were exposed. The 
cleaved C1C2 again triggered the double-stranded DNA branch migra
tion with A1A2, resulting in the accumulation of more DNA “Y” junction 
structures in a DNAzyme feedback circuit. In addition, B2A2 opened 
DNA hairpin H1 and triggered HCR due to the adjacent branches of its 
one end (the region IV). When long dsDNA polymers were produced, the 
fluorophores FAM and BHQ-1 closed to each other, which resulted in a 
reduced fluorescence signal. With the accumulation of B2A2, the fluo
rescence signal was further decreased, and thus the sensitive detection of 
P. aeruginosa was realized. When P. aeruginosa was absent in the solu
tion, the double-stranded DNA branch migration could not occur 
because of the blocked toehold regions of B1B2 by P. aeruginosa 
aptamer, and thus only a low signal change could be detected. Obvi
ously, based on the connection between the 3WJ structure and the HCR- 
DNAzyme feedback circuit through the double-stranded DNA branch 
migration, a sensitive sensing strategy was achieved without protein 
enzymes and complex signal amplification procedures. 

3.2. Feasibility of the proposed biosensor 

To ensure the formation of two DNA “Y” junction structures, the 
double-stranded DNA branch migration was initially verified. Fig. S1A 
showed the fundamental process of the double-stranded DNA branch 
migration, which is a reversible reaction to some extent. In order to 
produce fewer intermediate products, the toehold regions of the forward 
reaction (the red and green parts) and the reverse reaction (the blue and 
orange parts) need to be as short as possible [38]. When some short 
branches are linked at the ends of the DNA “Y” junction structures 
(Fig. S1B), the reaction kinetics has few changes. As shown in Fig. 1A, 
the fluorophores FAM and BHQ-1 were used to label the ends of A1A2 to 
form A1′A2′, respectively. The B2′ strand was introduced to make B1B2′

have one more toehold base number of the reverse reaction than that of 
B1B2 (5 versus 4, corresponding to the blue parts). As shown in Fig. 1B, 
the fluorescence signal between B1B2 and A1′A2′ was stronger than that 
between B1B2′ and A1′A2′ as the reaction time increased, for that the 

latter had more toehold base numbers in the reverse reaction, thereby 
making it less conducive to generating products. Moreover, we used 
polyacrylamide gel electrophoresis (PAGE) to characterize the forma
tion of DNA “Y” junction structures. To distinguish the four DNA “Y” 
junction structures, as shown in Figs. S1C and S1D, some short branch 
sequences were linked at the end of B1, B2 and B2′ to form B3, B4 and B5 
respectively to make the molecular weight of each DNA “Y” junction 
structure different (the specific DNA sequences are shown in Table S1). 
In Fig. 1C, as shown in lanes 5 to 8, the four DNA “Y” junction structures 
were distributed in different locations of lanes. As shown in lane 9 and 
lane 10, the products B3A1 and B4A2 occupied the majority in the re
action system, which were corresponding to lane 7 and lane 8. Mean
while, we also used PAGE to investigate the formation of products 
between B3B5 and A1A2. As shown in Figs. S2 and 4 products were 
present simultaneously in lane 9 and lane 10, indicating that B3B5 and 
A1A2 did not produce B3A1 and B5A2 completely, which was consistent 
with its more toehold base numbers in the reverse reaction and lower 
fluorescence signal in Fig. 1B. These results indicated that the 
double-stranded DNA branch migration proceeded and successfully 
produced two DNA “Y” junction structures. 

The aptamer is the main recognition element of the biosensor. Hence, 
the specific binding ability of the aptamer to P. aeruginosa was investi
gated. S. aureus and A. baumannii were used as controls. As shown in 
Fig. S3A-Fig. S3C, P. aeruginosa was able to specifically bind to the 
aptamer, whereas S. aureus and A. baumannii barely bound to the 
aptamer. In Fig. S3D, the fluorescence intensities of the supernatant of 
S. aureus and A. baumannii were both almost 6 times greater than that of 
P. aeruginosa. The fluorescence analysis results indicated that 
P. aeruginosa could specifically bind to aptamer. In addition, the com
plementary length of B1B2 and the aptamer was carried out a pre
liminary optimization. The lengths of the complementary region of B1B2 
and the aptamer were designed to be 11, 14, 17 and 20 (the binding 
conditions of B1B2 and the aptamer are briefly shown in Fig. S4). The 
generated amounts of the two DNA “Y” junction structures were regar
ded as signal indicators. As shown in Fig. 2A, in the presence of 

Fig. 1. (A) Double-stranded DNA branch migration between B1B2 and A1′A2′ (a) and between B1B2′ and A1′A2′ (b). B1B2′ has one more complementary base in 
blue parts than B1B2. (B) Time-dependent fluorescence changes of the double-stranded DNA branch migration: (a) B1B2 and A1′A2′, (b) B1B2′ and A1′A2′. (C) PAGE 
image of the double-stranded DNA branch migration between B3B4 and A1A2. Lane M: DNA marker (25 bp-500 bp); lane 1: B3 (750 nM); lane 2: B4 (750 nM); lane 3: 
A1 (750 nM); lane 4: A2 (750 nM); lane 5: B3B4 (500 nM); lane 6: A1A2 (500 nM); lane 7: B3A1 (500 nM); lane 8: B4A2 (500 nM); lane 9: B3B4 (500 nM) + A1A2 
(500 nM); lane 10: B3 (500 nM) + B4 (500 nM) + A1 (500 nM) + A2 (500 nM). (For interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.) 
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P. aeruginosa, the generated B1A1’’ and B2A2’’ increased the fluores
cence signal. If the length of the complementary region was too short, 
the signal of the experimental group (with P. aeruginosa) and the control 
group (without P. aeruginosa) were both relatively high. In contrast, a 
too long complementary length would result in both having a low signal. 
As shown in Fig. 2B, when the length of the complementary region was 
17, the signal gap between the experimental group and the control group 
was maximal, and the signal-to-noise ratio (S/N) also reached the 
maximum. Therefore, 17 complementary bases between B1B2 and the 
aptamer were selected in the subsequent experiments. 

DNAzyme is a key part in signal amplification; hence, the cleaving 
activity of the double-stranded DNAzyme was next explored. The two 
ends of the substrate strand S were labelled with FAM and BHQ-1, 
respectively. As shown in Fig. S5, in the presence of 100 nM S and 

different concentrations of B1A1, the fluorescence signal increased to 
varying degrees. Similarly, in Fig. 2C, in the presence of 100 nM S and 
100 nM A1A2, different concentrations of B1B2 could led to different 
fluorescence signals. If 100 nM 3WJ structure of B1B2/aptamer was 
added, the fluorescence signal was nearly horizontal because of the 
blocked toehold regions by the aptamer. Next we investigated the HCR 
process with PAGE by means of unlabelled DNA hairpins H1′ and H2′. As 
shown in Fig. 2D, the B2A2 band was visible in lane 1. In lane 2, DNA 
hairpins H1′ and H2′ formed a single clustered band, which indicated 
that there were no obvious signal leaks in the system in the absence of 
initiating probe B2A2. Once different concentrations of B2A2 were 
added, the bands of long dsDNA polymers emerged (lane 3, lane 4 and 
lane 5), accompanied by the consumption of B2A2 and the DNA hairpins 
H1′ and H2′. These PAGE images indicated that the HCR was 

Fig. 2. (A) Principle of preliminary optimization of 
the length of the complementary region of B1B2/ 
aptamer. (B) Relationship between the fluorescence 
intensity and the length of the complementary region 
of B1B2/aptamer. S/N represents the ratio of the 
experimental group to the control group. Error bars 
= SD (n = 3). (C) Verification of the cleaving activity 
of the double-stranded DNAzyme in the presence of 
100 nM S and: 100 nM B1B2 and 100 nM A1A2 (red 
curve), 4 nM B1B2 and 100 nM A1A2 (blue curve), 
100 nM 3WJ structure of B1B2/aptamer and 100 nM 
A1A2 (black curve). (D) PAGE image of B2A2- 
induced HCR. Lane M: DNA marker (25 bp-500 bp); 
lane 1: B2A2 (1 μM); lane 2: H1′ and H2′ (1 μM); lane 
3: B2A2 (1 μM) + H1′ (1 μM) + H2′ (1 μM); lane 4: 
B2A2 (0.5 μM) + H1′ (1 μM) + H2′ (1 μM); lane 5: 
B2A2 (0.1 μM) + H1′ (1 μM) + H2′ (1 μM). (For 
interpretation of the references to color in this figure 
legend, the reader is referred to the Web version of 
this article.)   

Fig. 3. (A) Principle of the B1A1-induced DNAzyme 
feedback circuit. (B) Two near-end binding regions 
with different complementary lengths between C1C2 
and D1, and D2: (a) 8 complementary bases and (b) 9 
complementary bases. (C) Time-dependent fluores
cence changes of the B1A1-induced DNAzyme feed
back circuit of two different near-end binding 
regions: (a) 8 complementary bases with 100 nM 
B1A1, (b) 9 complementary bases with 100 nM 
B1A1, (c) 8 complementary bases without B1A1, and 
(d) 9 complementary bases without B1A1. (D) Fluo
rescence spectra of the double-stranded DNA branch 
migration-induced HCR and DNAzyme feedback cir
cuit system in the presence of P. aeruginosa: (a) HCR 
and DNAzyme feedback circuit without H2 and 
P. aeruginosa, (b) HCR and DNAzyme feedback circuit 
without P. aeruginosa, (c) HCR alone with 5 × 104 

CFU mL-1 P. aeruginosa, (d) HCR and DNAzyme 
feedback circuit with 5 × 104 CFU mL-1 P. aeruginosa.   
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successfully initiated by B2A2. 
Next, we explored the feasibility of the DNAzyme feedback circuit. 

As shown in Fig. 3A, pre-added B1A1 cleaved a specific ribonucleotide 
site on C1 and C2, generating unstable double chain binding regions to 
expose the toehold regions. The fluorescence signal subsequently rose 
because of the new cycle of double-stranded DNA branch migration. As 
shown in Fig. 3B, we designed two near-end binding regions with 8 or 9 
complementary bases between C1C2 and D1 and D2, respectively. 
Fig. 3C shows that there was a stronger fluorescence signal regardless of 
whether B1A1 was added or not when the near-end binding regions 
contained 8 complementary bases rather than 9. Taking the reaction 
time of 150 min as the standard, the latter (9 complementary bases) had 
a higher S/N value than the former (8 complementary bases) (3.36 
versus 2.54). Therefore, 9 complementary bases in the near-end binding 
region were selected. Next, we tested the response of the double- 
stranded DNA branch migration-induced HCR and DNAzyme feedback 
circuit system with P. aeruginosa. As shown in Fig. 3D, curve a exhibited 
a maximum peak in the absence of H2 and P. aeruginosa. In the presence 
of H2, there was a slightly decreased fluorescence peak (curve b), which 
indicated H1 and H2 could hardly not open to each other in the absence 
of P. aeruginosa. When P. aeruginosa was added, there was an obviously 
lower peak fluorescence signal with the HCR and the DNAzyme feed
back circuit (curve d) than with the HCR alone (curve c). These results 
reasonably demonstrated that the proposed biosensor was applicable for 
the detection of P. aeruginosa. 

3.3. Optimization of experimental conditions 

To attain the optimal analysis performance of the biosensor, some of 
the critical experimental conditions were optimized, such as the type of 
working solution, the concentration ratio of B1B2/aptamer to H1/H2, 
the concentration ratio of B1B2/aptamer to A1/A2, the incubation time, 
and the temperature of the HCR and the DNAzyme feedback circuit. 

Four working solutions were chosen for the detection of P. aeruginosa 
(Fig. 4A). The weakest fluorescence signal was obtained in 10 mM 
HEPES containing 20 mM MgCl2, which was selected as the optimal 
working solution. Next, the concentration ratio of B1B2/aptamer to H1/ 
H2 was optimized. The concentration of H1 and H2 was set to 100 nM. If 

the concentration of B1B2/aptamer was too high, there were more 
unblocked B1B2. By contrast, too little B1B2/aptamer would reduce the 
binding efficiency between P. aeruginosa and the aptamer. As shown in 
Fig. 4B, N was defined as the ratio of the initial fluorescence intensity F0 
to the eventual fluorescence intensity F. N reached the maximum value 
of 2.32 when c (B1B2/aptamer)/c (H1/H2) was 1:5. In addition, the 
concentration ratio of B1B2/aptamer to A1/A2 was also optimized. As 
shown in Fig. 4C, the optimal ratio of B1B2/aptamer to A1/A2 was 1:1. 
Finally, the incubation time and the temperature of the HCR and the 
DNAzyme feedback circuit were optimized. As shown in Fig. 4D, the 
fluorescence signal tended to plateau after the incubation time reached 
100 min and was chosen as the optimal incubation time. Similarly, in 
Fig. 4E, we chose 25 ◦C as the optimal incubation temperature. 

3.4. Analytical performance of the biosensor 

Under the optimal experimental conditions, the analytical perfor
mance of the biosensor was evaluated by adding different concentra
tions of P. aeruginosa. As shown in Fig. 5A, the peak value of the 
fluorescence signal gradually reduced with increasing P. aeruginosa 
concentrations. At the same time, the difference between the original 
fluorescence intensity and the eventual fluorescence intensity (F0–F) 
showed a linear relationship with the logarithm of P. aeruginosa con
centrations ranging from 102 to 107 CFU mL− 1 (Fig. 5B). The corre
sponding regression equation was y = 16.1984 log c − 12.4942 (R2 =

0.992). The limit of detection (LOD) was estimated to be 37 CFU mL− 1 

(S/N = 3). In addition, the analytical performance of this method in 
comparison with other detection strategies was summarized. As shown 
in Table S2, the biosensor showed a parallel or superior detection 
sensitivity. Notably, the biosensor offered the advantages of simplified 
operation and convenience with a protease-free and homogeneous re
action process. In a word, present biosensor provided a sensitive and 
simple detection platform for P. aeruginosa. Next, we investigated the 
specificity of the biosensor. As shown in Fig. 5C, an obvious difference 
(F0–F) in signal was observed in the presence of P. aeruginosa, while 
those of the four negative control bacterial strains were all less than 30% 
to of the P. aeruginosa signal. Therefore, the biosensor has an excellent 
specificity for the detection of P. aeruginosa. Finally, the reproducibility 

Fig. 4. Optimization of experimental conditions: (A) Type of working solution: (a) PBS, pH 7.4, (b) 10 mM Tris-HCl containing 20 mM MgCl2 and 100 mM NaCl, pH 
7.4, (c) 10 mM HEPES containing 20 mM MgCl2, pH 7.8, (d) 10 mM HEPES containing 50 mM MgCl2, pH 7.8. (B) Concentration ratio of B1B2/aptamer to H1/H2. N 
represents the ratio of the initial fluorescence intensity to the eventual fluorescence intensity. (C) Concentration ratio of B1B2/aptamer to A1/A2. (D) Incubation time 
of the HCR and the DNAzyme feedback circuit system. (E) Incubation temperature of the HCR and the DNAzyme feedback circuit system. The concentration of 
P. aeruginosa in the reaction system was kept at 105 CFU mL-1. Error bars were derived from n = 3 experiments. 
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of the biosensor was evaluated. As shown in Fig. 5D, the fluorescence 
signals were detected five times with 103, 105 and 107 CFU mL− 1 

P. aeruginosa. The relative standard deviations (RSD) were 3.43%, 
3.17% and 3.62%, respectively. These results showed that the biosensor 
has an excellent reproducibility and stability. 

3.5. P. aeruginosa analysis in urine samples 

To evaluate the clinical application potential of the biosensor, re
covery tests were carried out in urine samples. The fresh urine samples 
were diluted 10 times and certain concentrations of P. aeruginosa were 
spiked. These urine samples were then detected by the constructed 
biosensor. All test conditions were the same as those for the standard 
samples, and each measurement was repeated 5 times. As shown in 
Table S3, the recovery rates were calculated as 96.1%–106.5% with 
RSDs ranging from 2.5% to 3.4%. These results indicated that the 
biosensor has great clinical application potential in complex biological 
samples. 

4. Conclusions 

In summary, we constructed a novel fluorescence biosensor for 
sensitive detection of pathogenic bacteria, represented here by 
P. aeruginosa. The biosensor has several advantages. Its protease-free 
and simple reaction process ensures its convenience and stability. The 
combined application of the HCR and the DNAzyme feedback circuit 
constitutes an effective signal amplification strategy. The proposed 
biosensor showed a wide linearity range of 102–107 CFU mL− 1 and a low 
LOD of 37 CFU mL− 1 (S/N = 3). These advantages indicate that this 
biosensor has good clinical application potential for the bacterial 
detection in biological samples. In addition, the biosensor exhibited high 
versatility and could detect other biological targets by replacing the 
specific aptamer sequence. Based on the above characteristics, this 
biosensor constitutes an ideal paradigm for the detection of bacterial 
pathogens and other biological targets. Some improvements are fore
seen for this biosensor; for example, its combination with magnetic 
beads to realize signal separation and detection. Its incorporation into a 
portable point-of-care testing device should also be considered. It is 

believed that with the development of sensing technology, the future 
applications of this biosensor are promising. 
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Fig. 5. Analytical performance of the fluorescence 
biosensor: (A) Fluorescence signals of different con
centrations of P. aeruginosa ranging from 0 CFU mL-1 

to 107 CFU mL-1 (from the top to the bottom of the 
curves). (B) Linearity of F0–F with different concen
trations of P. aeruginosa. F0 represents the original 
fluorescence intensity. F represents the eventual 
fluorescence intensity (n = 3). (C) Verification of the 
biosensor specificity for P. aeruginosa compared with 
other bacterial strains (n = 3). (D) Reproducibility of 
the biosensor at P. aeruginosa of different concentra
tions for five independent experiments.   

Y. Xie et al.                                                                                                                                                                                                                                      



Analytica Chimica Acta 1232 (2022) 340449

8

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.aca.2022.340449. 
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