
Biosensors and Bioelectronics 168 (2020) 112527

Available online 22 August 2020
0956-5663/© 2020 Elsevier B.V. All rights reserved.

Electrochemical biosensor for rapid detection of bacteria based on facile 
synthesis of silver wire across electrodes 

Ye Feng a, Dan Zhou a, Lujia Gao b, Fengjiao He a,* 

a State Key Laboratory of Chemo/Biosensing and Chemometrics, College of Chemistry and Chemical Engineering, Hunan University, Changsha, 410082, China 
b Chemistry Department, Reed College, Portland, 97202, USA   

A R T I C L E  I N F O   

Keywords: 
16S ribosomal-RNA 
Bacteria 
Staph. aureus 
MSPQC 
HCR 

A B S T R A C T   

The early detection of bacteria is of critical importance in addressing serious public health problems. Here, an 
electrochemical biosensor for rapid detection of bacteria based on facile synthesis of silver wire across electrodes 
was constructed. High-variable region of 16S rRNA of bacteria was used as biomarker. Polymerase-free synthesis 
of silver wire was introduced into electrochemical signal transduction to improve the sensitivity of electro
chemical detection. The construction biosensor of proposed method is as follows: Metastable hairpin probe H1 
was modified on electrode surface, biomarker can open the stem-loop structure of H1 and activates HCR. The 
alternate opening of the stem-loop structure of H1 and H2-AuNPs finally results in the formation of long double- 
stranded DNA-RNA (HCR products) -AuNPs. The formed AuNPs modified HCR products was blown in one di
rection using N2 to across the electrode gap. Using this HCR products as template, the silver wire was formed 
between the electrodes by silver deposition, and resulted in sharp change in electrical parameters of electrode. As 
the proof-of-concept work, multichannel series piezoelectric quartz crystal (MSPQC) was utilized as detector. The 
detection of Staphylococcus aureus in the concentration range from 50 to 107 CFU/mL within 100 min was 
achieved. The detection limit was 50 CFU/mL. Escherichia coli, Salmonella enteritidis, Listeria innocua, Pseudo
monas aeruginosa and Streptococcus pneumoniae did not interfere the detection results. This newly proposed 
electrochemical biosensor is simple, rapid and exhibit high signal-to-noise ratio, it has great potential for being 
applied in food safety monitoring and clinical diagnosis.   

1. Introduction 

Rapid qualitative and quantitative detection of bacteria has many 
potential applications in clinical diagnosis, environmental monitoring 
and food safety(Furst and Francis, 2019). Traditional culture method, 
which used as the gold standard approach for bacteria detection, is 
limited by the tedious process and false-positive signal which caused by 
uncultivated bacteria(Davenport et al., 2017). Above-mentioned limi
tation of culture method have led to the development of molecular 
biological techniques which based on a variety of biomarkers (e.g. an
tibodies (Kim et al., 2018; Stobiecka et al., 2019), nucleic acids (Sto
biecka and Chalupa, 2016; Tavallaie et al., 2018), enzymes (Adkins 
et al., 2017) etc.,) and signal detectors (including optical (Aman et al., 
2020), fluorescent (He et al., 2020; Martynenko et al., 2019; Ratajczak 
et al., 2019, 2018; Stobiecka et al., 2012), chromatographic (Ratajczak 
and Stobiecka, 2020; Stobiecka and Chałupa, 2015), electrochemical 
(Ranjbar et al., 2019) and piezoelectric (Feng et al., 2019; Milioni et al., 

2020)-triggered molecules). Owing to their characteristic of 
free-culturing, it is expected to improve the positive detection rate and 
shorten the detection time. However, most methods are still limited by 
long processing time (over 18 h from sampling to results), expensive 
instruments and skilled technicians(Imai et al., 2019; Slomovic et al., 
2015). Accordingly, the rapid, simple, reliable method for bacteria 
detection in the early stage of bacterial infections remains an urgent 
need(Peng and Chen, 2019). 

Bacterial 16S rRNA is of high universality and abundance in bacteria 
and provides rich genetic information(Wang et al., 2019). Currently, 
16S rRNA has been recognized as a specific target and extensively used 
for the identification of bacteria. Polymerase chain reaction (PCR) 
combined with 16S rRNA gene sequencing is commonly used bacteria 
detection technique, it is capable of classifying unknown strains(Bauza 
et al., 2019; Deshmukh et al., 2019). But the processing time, expensive 
instrument and operator requirements have restricted the application of 
this method in point-of-care settings(Tavallaie et al., 2018). 
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Hybridization chain reaction (HCR) is an isothermal enzyme-free 
amplification strategy which can assemble hairpins into long double- 
stranded nucleic acids(Figg et al., 2020). In the presence of the initi
ator, it binds to one hairpin and initiates the alternate opening of the 
stem-loop structure of two hairpins, finally resulting in the formation of 
long linear double-stranded DNA nanostructure with a large amount of 
repetitive sequence units(Wu et al., 2019). HCR is usually used as signal 
amplification technique for nucleic acids analysis by combining signal 
molecules with repeating units of HCR products (Augspurger et al., 
2018; Wang et al., 2020). 

Electrochemical techniques are the suitable point-of-care techniques 
due to their fast response, easy readout, portability, and low cost(Reta 
et al., 2018; Zhang et al., 2019). In a typical electrochemical method, the 
signal conversion is based on the change of the concentration of signal 
molecules on the electrode surface, thus they are suffered from back
ground noise problem (which caused by the aggregation between signal 
molecules) and limited detection reproducibility in complex media such 
as food or whole blood(Amiri et al., 2018). Overall, the lack of efficient 
signal conversion strategy hinders the application of conventional 
electrochemical sensors in the field of point-of-care(Bai et al., 2004; 
Furst and Francis, 2019). Thus, a highly effective signal conversion 
strategy that offers low background noise and high reproducibility needs 
to be developed to enable the application of electrochemical technology 
to molecular diagnostics platforms. 

In this paper, an electrochemical biosensor for rapid detection of 
bacteria based on facile synthesis of silver wire across electrodes was 
proposed. Fragment of bacterial 16S rRNA hyper-variable region was 
used as biomarker and HCR combined with silver deposition technique 
was used to form silver wire crossing electrode. We introduced 
polymerase-free synthesis of silver wire into electrochemical signal 
conversion to improve the sensitivity of electrochemical detection. 
Using the reported 16S rRNA fragment of Staphylococcus aureus (Staph. 
aureus) as the target (Hwang et al., 2012), the proposed biosensor ach
ieved the detection of Staph. aureus as low as 50 CFU/mL in 100 min. 
This potent detection strategy is simple, portable and rapid, it expected 
to become a universal multiplexing detection platform of bacteria, and 
might find widely use in the fields of public safety and early diagnosis. 

2. Experimental section 

2.1. Materials and equipment 

Staph. aureus was purchased from the National Institute for the 
Control of Pharmaceutical and Products. TNT (100 mmol/L Tris-HCl; 
1.5 mol/L NaCl; 0.5% Tween 20), Sodium lauryl sulfate (SDS), SPSC 
buffers (50 nM Na2HPO4 pH = 6.5, 1 M NaCl), agarose gels are pur
chased from Sangon Biotech. Co., Ltd. (Shanghai, China). Tris-(2-car
boxyethyl)-phosphine hydrochloride (TCEP) are purchased from BBI. LI 
silver enhancement kit is purchased from Nanoprobes (USA). All re
agents were analytical reagent grade. 

The interdigital electrode with 20 μm electrode gap was bought from 
Dalian Institute of Chemical Physics, the detailed parameters are shown 
in supplementary information section 1. 

MSPQC system is self-constructed, the equipment construction and 
sensing mechanism are listed in supplementary information section 2, 
the detailed parameter setting is shown in supplementary information 
section 3. 

All used sequences are listed in Table 1. The sequences are synthe
sized by Shanghai Sangon Biological Engineering Technology and Ser
vices, Co., Ltd. (Shanghai, China) and used without further purification. 

For characteristics, all used apparatus include high-resolution 
transmission electron microscope JEM-3010 (Japan Electronics Corpo
ration, Japan), scanning electron microscope Hitachi S-4800 (Japan 
Hitachi Limited, Japan). 

2.2. Preparation of electrode and reagents 

Modification of H2 on AuNPs: 80 nm AuNPs were prepared according 
to Jenkin’s method(Jenkins et al., 2017). H2 modification on AuNPs was 
processed by following procedures: 3 μM reduced H2 was added into 
AuNPs solution and incubated for 12 h at 4 ◦C. 0.05 M NaCl solution was 
added and aged for 12 h. Excess NaCl was removed by centrifuge at 12, 
000 rpm for 25 min. H2-modified AuNPs were washed 3 times by 0.01 M 
phosphate buffer solution (pH 7.4) and then resuspended in 0.5 mL SPSC 
buffer (pH 6.5). 

HCR buffer: Prepared by 1 μM H1 and 1 μM hairpin 2 modified 
AuNPs (H2-AuNPs) in SPSC buffer. 

Modification of interdigital electrode: The interdigital electrode was 
treated with warm Piranha solution (30% hydrogen peroxide and 70% 
concentrated sulfuric acid) for 10 s, ultrasonically cleaned with ethanol 
and acetone for 5 min orderly, then rinsed with double-distilled water 
and dried. H1 was self-assembled on gold electrode by incubated in SPSC 
buffer (pH 6.5) containing 1 μM H1 overnight at 4 ◦C. The electrode was 
washed by double-distilled water, and immersed in 1 μM mercaptoe
thanol (MCH) overnight at 4 ◦C and then was washed by double-distilled 
water and dried by N2. 

2.3. Detection of bacteria 

Treatment of sample solution: the concentration of Staph. aureus was 
measured by plate counting, (1.4 ± 0.2) × 108 CFU/mL, and it was 
diluted to 1-107 cfu/mL with sterile saline. Taking 1 mL sample solution, 
centrifuged in 8000 rpm for 1 min, dissolving precipitate in 80 μg/mL 
lysozyme and standing for 10 min. Now the sample is ready for use. 

Detection of bacteria: Adding 1 mL pretreated sample solution to the 
detection cell with aseptic operation, incubating for 30 s at room tem
perature, followed by adding 1 mL HCR buffer to the detection cell 
which contain interdigital electrode and recording the initial frequency 
(F0). Taking out the solution from the detection cell with a syringe, and 
washing cell with 0.1 × TNT and 0.1% SDS. Connect the needle of sy
ringe with nitrogen cylinder, place the needle parallel to the plane of the 
electrode, and perpendicular to the electrodes. Drying electrode with N2 
airflow. Taking 1 mL reduction solution from LI silver enhancement kit 
to detection cell and standing for 5 min; adding the enhancement so
lution to detection cell and stand for 5 min; recording oscillator fre
quency (F). The frequency shift (ΔF, ΔF = F–F0) were calculated. The 
concentration of bacteria can be calculated according to ΔF value. 

3. Results and discussion 

3.1. The constructive strategy of biosensor 

Since the variable region of 16S rRNA reflects the difference among 

Table 1 
Sequences of probes and biomarker.  

Function Sequence (5′-3′) 

Biomarker CCUGGAAUUCUACCCCCCUCUACA 
H1

a HS- 
tgtagaGGGGGGTAGAATTCCAGGCAAAGTCCTGGAATTCTACCCCCC 

H2
a HS- 

CCTGGAATTCTACCCCCCTCTACAGGGGGGTAGAATTCCAGGactttg 
For specificity test 
Randomr UAAACGGUUUAAACGGGAAAUAGC 
Mismatch1 CCUGGAAUUCUUCCCCCCUCUACA 
Mismatch2 CCUGGAAUUCUUUCCCCCUCUACA 
Mismatch3 CCUGGAAUUCUUUUCCCCUCUACA  

a The sticky ends are in lower case. The loop parts are in italics. Biomarkerr 
represents random sequences, biomarker1, biomarker2, biomarker3 represents 
the sequence with 1 nt, 2 nt and 3 nt mismatch sites compared with Biomarker, 
separately. 
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species, the highly specific fragment of Staph. aureus 16S rRNA was 
selected as the biomarker(Hwang et al., 2012). The principle of con
structed method was depicted in Scheme 1. The interdigital electrode 
was modified with hairpin 1 (H1) by Au–S bond. H1 and hairpin 2 (H2) 
are two metastable hairpin probes required for HCR amplification. They 
have a stem of 18 bp, a loop of 6 nt, and a sticky end of 6 nt. The 
sequence of the sticky end and stem of H1 is complementary to the 
biomarker. The sequence of sticky end and stem of H2 is complementary 
to the loop and stem of H1. Dropping sample solution onto the inter
digital electrode and incubated for a while. Then adding HCR buffer 
solution which contain H1 and AuNPs-H2 onto the electrode surface. In 
the absence of biomarker, H1 and AuNPs-H2 coexist stably in solution. 
H1 which modified on electrode remains stem-loop structure. In the 
presence of biomarker, the stem-loop structure of H1 modified on elec
trode is opened and HCR process in HCR buffer is activated. The opened 
H1 immediately hybridizes with H2-AuNPs and opens the hairpin 
structure of H2. The alternate opening of the stem-loop structure of H1 
and H2 finally results in the formation of a long linear double-stranded 
DNA-RNA (HCR products) modified AuNPs on electrode. Washing the 
electrode surface with anionic surfactants SDS, then blowing the elec
trode surface with N2, HCR products modified AuNPs are extended and 
crossed the interdigital electrode gap. Adding silver solution to elec
trode, the conductive silver wires are formed along HCR products by 
using AuNPs as nucleation sites. Eventually, the presence of biomarker 
changed the link between interdigital electrodes from the original 
non-conductive link to conductive silver link. This change in electrical 
parameter between electrodes could be simply measured by corre
sponding equipment. As a proof-of-principle work, here MSPQC equip
ment was used as the detector. 

3.2. Verification of biosensor for bacteria detection 

The formation of HCR products and silver wire between adjacent 
finger electrodes are two key procedures, which were directly related to 
the feasibility of proposed biosensor. Agarose gel electrophoresis, 
transmission electron microscopy (TEM), scanning electron microscope 
(SEM) were used to characterize the formation of HCR products and 
silver wire between finger electrodes. 

Fig. 1a showed the HCR results of agarose gel electrophoresis. Lanes 
1–3 represented HCR results of solution containing H1, H1+H2, 
H1+H2+biomarker, respectively. Obviously, HCR products which 
exhibited stepped continuous bands only formed in the solution con
taining H1+H2+biomarker. 

Fig. 1b and c were TEM images of H2-AuNPs with different magni
fication, respectively. The translucent and uniform DNA layer on AuNPs 
shown in Fig. 1c suggested the successful modification of H2 on AuNPs. 
Fig. 1d was TEM image of HCR products, the regular linear arrangement 
of AuNPs indicated that H2-AuNPs were hybridized with H1 to form 
HCR products. Otherwise, AuNPs would be arranged randomly as shown 
in Fig. 1b. 

Fig. 1e and f were SEM images of electrodes after the process of HCR 
and silver deposition in presence and absence of biomarker, respec
tively. It can be seen that in the presence of biomarker, the silver wire 
which crossing the electrode gap was formed (Fig. 1e). In the absence of 
biomarker, the silver wire did not form between electrodes (Fig. 1f). 

In summary, HCR products and silver wire which crossing adjacent 
finger electrodes were formed when target exists, confirming the success 
of the designed biosensor. 

3.3. Evaluation of the effect of biosensor 

3.3.1. The effect of HCR time on detection of bacteria 
The time of HCR would affect the length of product. In designed 

detection method, the length of HCR product should be long enough to 
span the adjacent finger electrode. Fig. 2 showed the SEM images of the 
interdigital electrode after silver deposition when HCR time is 10 min, 
30 min, 45 min and 75 min. The results indicate that when HCR time is 
more than 75 min, the length of HCR product can span 20 μm electrode 
gap. The effect of HCR time on frequency change was shown in Fig. 2e. 
When HCR time was increased from 10 min to 45 min, there was little 
change in frequency. As HCR time increased to 60 min, the frequency 
change increased sharply, and reached a plateau after 75 min. Thus, 75 
min was selected as the optimal HCR time. 

3.3.2. The effect of AuNPs size on bacteria detection 
In order to optimize the performance of proposed method, 14 nm, 50 

nm, 80 nm, 100 nm were used to investigate the effect of AuNPs particle 
size on detection of bacteria. The UV spectrum of AuNPs was shown in 
Fig. 3a. It can be seen in Fig. 3a that increased particle size caused the 
maximum wavelength red shift. The experimental results of proposed 
method were shown in Fig. 3b. When AuNPs size was less than 80 nm, 
the frequency change increased gradually with the increase of AuNPs 
size. After AuNPs diameter was larger than 80 nm, the frequency change 
decreased with the increase of AuNPs size. This might be due to the fact 
that the larger the size of gold nanoparticles as the core of silver depo
sition, the more likely the silver growth to form continuous silver wires. 

Scheme 1. The construction strategy of method for bacteria detection.  
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However, because H2-AuNPs were used to form DNA double helix 
structure, if the size of AuNPs is too large, the formation of long HCR 
products will be affected due to the large torsion force and steric hin
drance effect. Here 80 nm was selected as the optimum diameter of 
AuNPs. 

The TEM image of AuNPs with the diameters of 14 nm, 50 nm, 80 
nm, 100 nm were shown in Figure S-3. 

3.3.3. Evaluation of the specificity of biomarker 
The specificity of constructed method for biomarker was evaluated 

by detecting random sequences, sequence with 1 nt, 2 nt, and 3 nt 
mismatch bases compared with specific biomarker, concentration all at 
1 × 105 CFU/mL. The detection results were shown in Fig. 4. The degree 
of interference (DI) of five interfering bacteria to Staph. Aureus can be 
evaluated by formula (1):  

DI = ΔFI / ΔFT × 100%                                                                   (1) 

Where ΔFI and ΔFT were represented the frequency change of six 
samples and target sequence (Biomarker). The DI values for random 

Fig. 1. Verification of the proposed biosensor for bacteria detection. (a) The gel-electrophoresis figure of HCR products. Lanes 0–3 represent DNA ladder marker 
(100–10000 bp), H1, H1+H2, H1+H2+biomarker. (b) TEM image of AuNPs-DNA conjugates. (c) TEM image of AuNPs-DNA conjugates in high magnification. (d) TEM 
image of AuNPs-bounded HCR products. (e) SEM image of the positive sample after silver deposition. (f) SEM image of the control electrode after silver deposition. 

Fig. 2. SEM images of interdigital electrode as the hybridization time is (a.) 10 min, (b.) 30 min, (c.) 45 min, (d) 75 min. (e) The frequency change over HCR time. 75 
min was selected as the optimal HCR time. 
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sequences (Random), sequence with 1 nt (Mismatch1), 2 nt (Mismatch2), 
and 3 nt (Mismatch3) mismatch bases compared with specific biomarker 
were 1.04%, 3.56%, 4.87%, and 87.89% respectively, indicating that 
besides the single-base mismatches sequences, the interference of other 
non-specific nucleic acids to detection of biomarker could be negligible. 

The above results revealed that proposed method could detect double- 
base mismatches. This might be due to the fact that although the 
design of the sensor avoids the signal interference caused by nonspecific 
adsorption, but nucleic acid hybridization itself allows a certain degree 
of base mismatch, thus, the proposed sensor based on nucleic acid hy
bridization cannot realize the detection of single base mismatch. 

3.4. Detection of bacteria 

3.4.1. The relationship between frequency change and the concentration of 
bacteria 

In order to evaluate the quantification capability of the as-developed 
method for bacterial detection, simulated sample with Staph. Aureus at a 
concentration ranging from (1.4 ± 0.2) to (1.4 ± 0.2) × 107 CFU/mL was 
treated by lysozyme and detected by proposed method, the concentra
tion of Staph. Aureus is confirmed by plate counting. The response curves 
of proposed method were shown in Fig. 5a. With the increase of bacteria 
concentration, the frequency change (ΔF) increased. It can be seen in 
Fig. 5b that ΔF showed a linear positive relationship with the logarithm 
of Staph. Aureus concentration in range of (1.4 ± 0.2) × 102 to (1.4 ±
0.2) × 107 CFU/mL. Using C represents the concentration of Staph. 
Aureus, the correlation equation was ΔF = 14.371log10C+18.212, a 
correlation coefficient R = 0.9563. The standard deviation of three 
parallel experiments was in the range of 3.18%–8.9%. The limit of 
detection (LOD) is 50 CFU/mL, which was determined by the equation 
LOD = 3 × (SD/k) (where SD is the standard deviation of the 

Fig. 3. a. UV spectra images of (a) 14 nm, (b) 50 nm, (c) 80 nm, (d) 100 nm AuNPs. b. The effect of AuNPs size on detection of target bacteria.80 nm was selected as 
the optimum diameter of AuNPs. 

Fig. 4. The effect of interfering sequences to specific biomarker.  

Fig. 5. a. Response curves of different concentration of target bacteria (x, 1.4 CFU/mL; y, (1.4 ± 0.2) × 10 CFU/mL; a, (50 ± 0.5) CFU/mL; b, (1.4 ± 0.2) × 102 CFU/ 
mL; c, (1.4 ± 0.2) × 103 CFU/mL; d, (1.4 ± 0.2) × 104 CFU/mL; e, (1.4 ± 0.2) × 105 CFU/mL; f, (1.4 ± 0.2) × 106 CFU/mL; g, (1.4 ± 0.2) × 107 CFU/mL); b. 
Calibration curve for the frequency change of target bacteria in different concentration (logarithmic scale). Error bars indicate standard deviation (n = 3). Red dot: 
ΔF of 50 CFU/mL Staph. Aureus. (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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measurement signal for the blank sample, and k is the slope of the 
analytical curve in the linear region). Staph. Aureus at a concentration of 
50 ± 0.5 CFU/mL was also detected, the response curve and corre
sponding ΔF are shown in Fig. 5a and b (red dot), separately. The pro
posed assay can be accomplished within 100 min, which is far more 
efficient than the plate counting method (needs more than 24 h). 

3.4.2. Specificity study of proposed biosensor 
The specificity for bacteria of constructed method was studied by 

detecting interfering bacteria including Salmonella enteritidis, Escheria 
coli, Listeria innocua, Pseudomonas aeruginosa and Streptococcus pneumo
niae, concentration all at (1.1 ± 0.5) × 105 CFU/mL, and mixture bac
teria containing five interfering bacteria and Staph. Aureus, 
concentration at (1.1 ± 0.5) × 105 CFU/mL. The detection results were 
shown in Fig. 6. The degree of interference (DI) of five interfering bac
teria to Staph. Aureus can be evaluated by formula (1), where ΔFI and 
ΔFT were represented the frequency change of six samples and target 
bacteria (Staph. Aureus). The DI values for Salmonella enteritidis (Sal. 
Enteritidis), Escherichia coli (E. coli), Listeria innocua (L. innocua), Pseu
domonas aeruginosa (P. aeruginosa), Streptococcus pneumoniae 
(S. pneumoniae) and mixture bacteria sample were 3.24%, 1.55%, 
3.43%, 1.70%, 5.04%, and 97.16% respectively, indicating the inter
ference of five bacteria to detection of Staph. Aureus could be negligible. 
There was no significant difference among Staph. Aureus results and 
mixed results. The above results revealed that proposed method is of 
high specificity for bacteria. 

3.5. Detection of target bacteria in simulated human serum and milk 
sample 

A simulated human serum samples and milk samples containing 
Staph. Aureus with a concentration of 50–107 CFU/mL were detected 
using the constructed method, the results were shown in Table 2. The 
detectable rate of proposed method was varied from 89.00% to 
111.33%, which indicated that the proposed method could be used for 
the detection of bacteria in human serum and milk. The detection limit 
of Staph. Aureus in human serum and milk samples was 50 CFU/mL and 
the detection time was 100 min. 

3.6. Comparison of proposed sensor with representative bacteria detection 
strategy 

A comparison of the performance characteristics for the constructed 
biosensor and current methods for bacteria detection is presented in 
Table 3. The results demonstrated the proposed electrochemical sensing 
strategy possessed simple-operation, fast-response, and high signal-to- 
noise ratio. Compared with culture method, the proposed bacterial 
detection method can be accomplished within 100 min, which is far 

more efficient than the plate counting method (needs more than 24 h). 
Compared with other molecular biological techniques, the biosensor can 
detect bacteria in sample which only treated by lysozyme, and all used 
materials and equipment are facile, all used probes are easy-to-obtain, 
hence the as-developed method exhibited wide-universality and high- 
applicability. 

In the comparison of typical detection method based on HCR and 
Fig. 6. The effect of interfering bacteria to target bacteria.  

Table 2 
Detectable rate study of target bacteria measured in simulated samples.  

Samples Added 
(CFU/mL) 

Measured 
(CFU/mL) 

Detectable rate 
(%) 

RSD (%, n 
= 3) 

Human 
serum 1 

50 48.53 97.06 5.67 

Human 
serum 2 

102 101.78 89.00 6.03 

Human 
serum 3 

103 103.13 104.33 4.38 

Human 
serum 4 

105 105.02 100.40 2.34 

Human 
serum 5 

107 106.58 94.00 2.68 

Milk 1 50 47.98 95.96 4.38 
Milk 2 102 101.83 91.50 5.87 
Milk 3 103 103.34 111.33 2.38 
Milk 4 105 104.57 91.40 2.71 
Milk 5 107 107.13 101.86 1.87  

Table 3 
Comparison of representative bacteria detection strategy.  

Method Detection 
time 

Advantages Challenges Ref 

culture 
method 

8–48 h Instrument-free Tedious, false- 
negative caused 
by VBNC 
microbes 

Wang 
et al. 
(2015) 

polymerase 
chain 
reaction 

3 h Super- 
sensitivity 

Limited accuracy Petralia 
and 
Conoci 
(2017) 

gene 
sequencing 

4–24 h New species 
classification, 
high accuracy 

Expensive 
instrument 
required, 
complicated 
operation 

Amiri 
et al. 
(2018) 

immunoassay 100 min High-specificity, 
fast-response 

Unavailability of 
monoclonal 
antibodies 

Garvey 
et al. 
(2014) 

colorimetric 
method 

80 min Naked-eye 
detection, free- 
instrument 

Limited 
sensitivity 

Sun et al. 
(2015) 

SERS 20 min Super- 
sensitivity, fast- 
response 

Expensive 
instrument 
required 

Gao et al. 
(2017) 

fluorescent 
sensor 

100 min High-sensitivity, 
in-situ detection 

Environmental 
problem of dyes, 
high cost of dyes 

Yang et al. 
(2018) 

MALDI-MS 5 min Simple 
operation, fast- 
response 

Expensive 
instrument 
required 

Blanc 
et al. 
(2018) 

typical 
method 
based on 
HCR 

51 h High-specificity, 
simple 
operation 

Relatively high 
background 
noise, 
environmental 
problem of 
labels/dyes 

Wu et al. 
(2019) 

proposed 
method 
based on 
HCR 

100 min Easy- 
availability of 
materials, fast- 
response, low 
background 
noise, easy 
operation 

Lack of naked- 
eye detection 

Presented  
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proposed method, the typical method based on HCR used HCR as signal 
amplification technique for nucleic acids analysis by combining signal 
molecules with repeating units of HCR products, thus the methods are 
suffered from background noise problem and limited detection repro
ducibility in complex media such as food or whole blood; while this 
newly constructed sensor used HCR as tool to connect separated elec
trodes, thus it exhibits low background noise. 

4. Conclusion 

In this paper, a novel method with high accuracy and high signal-to- 
noise ratio is proposed for rapid detection of bacteria by introducing 
HCR and silver staining techniques into electrochemical signal detec
tion. Utilizing Staph. aureus as the representative target bacteria, and 
MSPQC as the representative electrochemical detector, the proposed 
method achieves a detection of Staph. Aureus over a range from 50 to 
107 CFU/mL in 100 min with detection limit of 50 CFU/mL. The sample 
is simply treated by lysozyme, does not need complicated pretreatment 
including sample dissolution, isolation and purification of nucleic acids. 
Detection of other bacteria can be done by simply changing the probe 
corresponding to biomarker. The comparison of constructed biosensor 
with the current method for bacteria detection were shown in Table 3. 
The proposed biosensor with its simple operation, fast response, high 
sensitivity and low background noise offers a great potential for prac
tical applications in public safety monitoring and clinical diagnostics. 
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