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An electrochemical biosensor based on methylene
blue-loaded nanocomposites as signal-amplifying
tags to detect pathogenic bacteria

Shengjun Bu,a Kuiyu Wang,a,b Zhongyi Li,a Chengyu Wang,a Zhuo Hao,a

Wensen Liu*a and Jiayu Wan *a

A sandwich-type electrochemical biosensor was successfully constructed for the sensitive detection of

pathogenic bacteria. In this biosensor platform, methylene blue (MB) organic–inorganic nanocomposites

(MB@MI) were synthesized from magainin I (MI, antimicrobial peptide specific to Escherichia coli O157:

H7), Cu3(PO4)2 and MB via a one-pot method, and were explored as a novel electrochemical signal label

of biosensors generating amplified electrochemical signals by differential pulse voltammetry (DPV). E. coli

O157:H7 specifically sandwich bound to the aptamers on the electrode surface and MB@MI nano-

composites, and the changes in the current signal generated on the electrode surface were used for the

quantitative determination of E. coli O157:H7. Under optimum conditions, the proposed biosensor

showed excellent performance with a wide linear range of 102–107 CFU mL−1 and a low detection limit of

32 CFU mL−1, featuring favorable selectivity, repeatability and stability. According to the experiments con-

ducted on real samples, the proposed approach is capable of detecting pathogenic bacteria in clinical

diagnostics.

Introduction

Food-borne diseases caused by contamination with pathogenic
bacteria pose a major threat to public health and have become
a global food safety issue. Rapid and accurate assay of patho-
genic bacteria in food is important for the prevention and
control of food-borne diseases.1 Currently, the detection of
food-borne pathogenic bacteria in food still relies on conven-
tional culture methods, considered as the gold standard, but
their disadvantage is the long testing cycle. Enzyme-linked
immunosorbent assay (ELISA),2 polymerase chain reaction
(PCR),3 DNA probes,4 gene chip techniques5 and other
modern detection methods are also used for the detection of
pathogenic bacteria in food.6 Although these methods have
good specificity and high sensitivity, they are time consuming,
laborious, impractical and, more importantly, not suitable for
field and real-time applications.

Various biosensors have been developed for the detection
of pathogenic bacteria, such as electrochemical,7 optical,8 and
fluorescence9 sensors. Compared with other approaches,

electrochemical biosensors have attracted particular attention
due to their ease of miniaturization, simplicity, rapid respon-
siveness, sensitivity and low cost.10 A new electrochemical
signal label must be introduced to construct a novel sandwich-
type electrochemical immunosensor for detecting pathogenic
bacteria. Methylene blue (MB), a mediator of electron transfer,
is responsible for electron production and signal amplification
in an electrochemical biosensor, and it has wide applications
in sensing.11 MB can be used to form electrochemically func-
tional nanocomposites on nanomaterial surfaces as a signal
label of electrochemical immunosensors. Some nanomaterials
(e.g. UiO-66 metal–organic framework12 and AuPt bimetallic
nanoparticles11) have been used as support materials to
immobilize MB, and the synthesized MB nanocomposites are
used as signal labels for fabricating dual-signal sandwich
electrochemical immunosensors.

The development of novel nanocomposites for electro-
chemical immunosensors has aroused widespread interest.
Inspired by natural biomineralization, all kinds of biomacro-
molecules, such as proteins,13 polysaccharides,14 and nucleic
acids,15 have been used as biomolecular templates for biologi-
cal mineralization, thus obtaining organic–inorganic hybrid
materials with controllable morphology and excellent pro-
perties.16 The flower-like organic–inorganic hybrid nano-
composites are prepared through an eco-friendly one-pot strat-
egy. The activity and stability of biomolecules immobilized in

aInstitute of Military Veterinary, Academy of Military Medical Sciences, Changchun,

130122, China. E-mail: Liuws85952@163.com, wanjiayu@hotmail.com;

Fax: +86 86985828; Tel: +86 86985951
bSouthern Laboratory of Ocean Science and Engineering, School of Chemical

Engineering and Technology, Sun Yat-sen University, Guangdong, 519082, China

This journal is © The Royal Society of Chemistry 2020 Analyst

Pu
bl

is
he

d 
on

 2
7 

A
pr

il 
20

20
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
N

ew
 E

ng
la

nd
 o

n 
5/

5/
20

20
 1

2:
28

:3
6 

PM
. 

View Article Online
View Journal

www.rsc.li/analyst
http://orcid.org/0000-0002-1358-4143
http://crossmark.crossref.org/dialog/?doi=10.1039/d0an00470g&domain=pdf&date_stamp=2020-05-04
https://doi.org/10.1039/d0an00470g
https://pubs.rsc.org/en/journals/journal/AN


organic–inorganic nanocomplexes have been significantly
enhanced, and the synthesized nanocomplexes have been
widely used in immunological analysis.17

The three-dimensional shape of flower-like, organic–in-
organic hybrid nanocomposites, especially the application of
nanomaterial immobilization, has attracted widespread atten-
tion.18 The flower-like nanocomposites with large surface
areas can provide more active sites to guarantee the loading of
more nanomaterials, and nanomaterials can be adsorbed into
the gaps of petals, maintaining the stability of nano-
materials.19 Therefore, the flower-like nanocomposites as
nanomaterial carriers have broad application prospects in the
biosensing field.20 Wan’s group observed that the flower-like
nanocomposites could load a large number of nanoparticles
(hemin, platinum, etc.), generating and amplifying signals in
biosensors.21,22

To promote the utilization of MB as the signal label of
electrochemical immunosensors for sensitive target detection,
flower-like organic–inorganic nanocomposites loaded with MB
were synthesized. In this work, an electrochemical biosensor
was designed for the rapid detection of pathogenic bacteria
(Scheme 1). For the ultrasensitive detection of Escherichia coli
O157:H7, hybrid nanocomposites loaded with MB were intro-
duced as signal labels to fabricate a novel, sandwich-type
electrochemical biosensor. The flower-like nanocomposites
were prepared from MI (antimicrobial peptide specific to
E. coli O157:H7), Cu3(PO4)2 and MB via a one-pot method, and
MB was loaded on the antimicrobial peptide–Cu3(PO4)2 nano-
composites. MI is a new kind of bio-recognition antimicrobial
peptide that has recently been used in the rapid and sensitive
detection of pathogenic bacteria, and it has attracted increas-
ing attention because of its outstanding superiority in the
testing field.23 Under severe environmental conditions, such
as thermal (boiling/autoclaving) and chemical denaturation,
MI has greater stability than typical spherical proteins and it
could maintain its activity against pathogenic bacteria.24,25

The thiol-modified aptamers of E. coli O157:H7 have been
explored for modification on the electrode surface by Au–S

binding. Aptamers, single-stranded RNA or DNA oligonucleo-
tides, can efficiently and specifically bind to several pathogenic
bacteria. Compared with antibodies, aptamers have some
advantages, including simple and rapid synthesis, high
affinity, good stability, flexible modification, resistance to
denaturation, and low cost.26 Aptamer-based electrochemical
immunoassays have been reported for the detection of patho-
genic bacteria as they can overcome many limitations of anti-
bodies.27 As a result, a sandwich electrochemical biosensor
was fabricated, which could achieve point-of-care and sensitive
detection of pathogenic bacteria. The novelty of this paper was
to synthesize MB@MI organic–inorganic nanocomposites as
electrochemical signal labels of the proposed biosensor. This
biosensor may satisfy the requirements for point-of-care clini-
cal diagnosis, which provides a versatile strategy and new
avenue for the diagnosis of pathogenic bacteria.

Methods and materials
Materials and reagents

The aptamer of E. coli O157:H7 (5′-ATACGGGAGCCAACACC-
ATAATATGC CGTAAGGAGAGGCCTGTTGGGAGCGCCGTAGAG-
CAGGTGTGACGGATTTTTTTTT-3′) with thiol modification at
the 3′ end was selected, as described previously,28 and purified
by reversed-phase HPLC. 6-Mercapto-1-hexanol (MCH) and tris
(2-carboxyethyl)phosphine hydrochloride (TCEP) were pur-
chased from Sigma-Aldrich (St Louis, MO, USA). CuSO4·5H2O,
PBS (consisting of 0.01 M NaH2PO4 and 0.01 M Na2HPO4, pH
7.4), MB, and magainin I (MI: GIGKFLHSAGKFGKAFVGEIMKS)
were purchased from Sangon Biotechnology Co. Ltd
(Shanghai, China). The storage buffer used for oligonucleo-
tides was 10 mM pH 8.0 tris(hydroxymethyl)aminomethane
(Tris-HCl) containing 1 mM EDTA. The aptamer was dissolved
in 10 mM Tris-HCl stock solution (pH 7.4, 50 mM NaCl) at
4 °C until use. Tris-HCl buffer containing 10 mM Tris and
50 mM NaCl was used as a reaction buffer (pH 7.4). The
washing buffer (pH 7.4) contained 20 mM Tris, 0.1 M NaCl,
5.0 mM MgCl2 and 0.05% Tween-20. All other participating
reagents were of analytical reagent grade and used untreated
as purchased, and various buffer solutions were prepared with
ultrapure water treated using a Milli-Q water purification
system (≥18 MΩ; Bedford, MA, USA) and used in all experi-
ments. E. coli O157:H7, S. aureus and S. typhimurium were all
used in a concentration of 107 CFU mL−1 in 0.1 mM PBS.

E. coli O157:H7 CICC 10899, Staphylococcus aureus CICC
10145, Listeria monocytogenes CICC 21529 and Salmonella
typhimurium CICC 21484 strains were obtained from the China
Center of Industrial Culture Collection (CICC).

Apparatus

Scanning electron microscopy (SEM) images were obtained
using a JEOL JSM7900F microscope (Beijing, China).
Electrochemical measurements including differential pulse
voltammetry (DPV) and cyclic voltammetry (CV) were carried
out on a CHI 660E electrochemical workstation (Shanghai

Scheme 1 Schematic diagram of the amplified sandwich-type immu-
nosensor strategy for the detection of pathogenic bacteria based on
MB@MI. (I) Modification of the gold electrode. (II) Process of aptamer
recognition of the target. (III) Process of signal tag (MB@MI) output.
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Chenhua Instruments Co. Ltd, China). Electrochemical detec-
tion was performed on a conventional three-electrode system
containing a gold electrode as the working area with 2 mm dia-
meter (area = 0.03 cm2), a platinum wire as the auxiliary elec-
trode, and Ag/AgCl (3 M KCl) as the reference electrode. All
electrodes were purchased from Shanghai Chenhua
Instruments Co. Ltd. Cyclic voltammograms (CVs) were
recorded at a scan rate of 100 mV s−1 and in the potential
range between −0.2 and 0.6 V. DPV measurement was per-
formed in 10 mM Tris-HCl solution (pH 7.4) containing
50 mM NaCl in the potential range from −0.1 to −0.70 V at a
pulse amplitude of 10 mV. Powder X-ray diffraction (XRD) pat-
terns were measured using an XD6 X-ray diffractometer
(Beijing, China) with Cu Kα radiation. All the experiments
were carried out at room temperature (25 °C).

Pretreatment of the aptamer

Before use, the aptamer targets were prepared as described
previously,29 with slight modifications. The aptamer was
denatured by heating at 90 °C for 5 min, and quickly refluxed
for 15 min at 4 °C. Finally, it was allowed to stand at room
temperature for 8 min to renature the aptamer before immo-
bilization on the electrode, to attain its most stable confor-
mation for successful binding to its target.

Bacteria preparation

E. coli O157:H7 and other food pathogenic bacteria used in
this assay were grown in Luria–Bertani broth at 37 °C by
shaking in an incubator for 12 h. The bacterial concentrations
were estimated and recorded by measuring the optical density
at 600 nm. Bacterial cultures were centrifuged at 6000 rpm for
10 min and washed with 0.1 mM PBS (pH 7.4). Serial concen-
trations (10–108 CFU mL−1) of the target bacteria were pre-
pared by diluting the original solution with 0.1 mM PBS and
storing at 4 °C.

Preparation of MB@MI nanocomposites

The MB@MI nanocomposites were prepared according to the
previous report30 with a slight modification. MB (10 µM) and
MI (5 µg mL−1) were dispersed in 1 mL of PBS (pH 7.4,
10 mM) containing 20 µL of CuSO4·5H2O (120 mM) aqueous
solution and stirred to attain the final mixture. The mixture
was reacted to form MB@MI nanocomposites overnight at
room temperature. Finally, the solution was centrifuged (8000
rpm) and washed in 0.1 mM PBS three times and stored at
4 °C when not used. This mixture (Cu2+, MI and MB mole-
cules) served as nucleation sites for the primary crystals of
copper phosphate at the early growth stage. Then the nano-
particles were grown by interactions between these proteins,
organics and Cu2+, and eventually MB@MI nanocomposites
were formed. The pure MB@MI nanocomposites obtained
with this procedure had high conductivity (MB has electron
conductivity) and high specific surface area with a large popu-
lation of MI that lead to better recognition and transduction of
targets. The structure of the MB@MI nanocomposites was
determined by SEM.

Pretreatment and surface modification of the gold electrode
and the E. coli O157:H7 detection procedure

A bare gold electrode (2 mm in diameter) was polished using
1.0 μm, 0.3 μm and 0.05 μm alumina powder to a mirror-like
finish, followed by thorough rinsing by sonication in ethanol
and deionized water for 5 min. The polished gold electrode
was immersed in a fresh Piranha solution (30% H2O2 : 98%
H2SO4 = 1 : 3 v/v) and 50% nitric acid for 10 min and 30 min,
respectively, followed by ultrasonication in deionized water to
remove contaminants on the electrode surface, and then dried
under nitrogen. After this, the working electrode was electro-
chemically activated in 0.5 M H2SO4 by potential scanning
between 0.2 and 1.0 V, with a scan rate of 50 mV s−1, until a
reproducible CV was obtained.

To modify the gold electrode, it was incubated overnight
with a 2 µM aptamer (AP) probe (dissolved in 10 mM Tris-HCl
with 1 mM TCEP for 30 min to break the disulfide bond before
use) at 25 °C to form an aptamer layer on the surface, and
then rinsed thoroughly with washing buffer. To block the non-
specific sites at the surface of the electrode, 1 mM MCH
(aqueous solution) was incubated with the aptamer-modified
gold electrode for 1 h at room temperature. For detection,
different concentrations of E. coli O157:H7 (dissolved in 1 mM
PBS) were added dropwise onto the modified electrode surface
(AP/MCH/Au electrode) at 25 °C for 2 h. Next, the electrode was
soaked in MB@MI for 30 min at 25 °C to achieve the sandwich
structure. After each modification step, the electrode immuno-
sensor was washed thoroughly with washing buffer. By inde-
pendent experiments, each step was repeatedly performed no
less than three times.

Results and discussion
Characterization of nanocomposites and electrochemical
feasibility of the design principle

Inspired by the biomineralization process, the antimicrobial
peptide MI and MB were simply mixed into the PBS solution
(Cu2+) to prepare MB@MI at room temperature. The approach
was simple and did not require toxic elements or complicated
purification processes. SEM was used to analyse the mor-
phology of the nanocomposites (Fig. 1a and b). MB@MI was
found to have uniform hierarchical structures with flower-like
nanostructures with an average diameter of ∼2.5 μm. The sub-
strate recognition ability and biocatalytic activity of MB@MI
were improved by increasing the specific surface area, the
layer-by-layer polymeric nanostructure of MB@MI could encap-
sulate the amounts of MB and MI. The crystal structure of the
synthesized MB@MI was characterized by XRD (Fig. 1c). The
main diffraction peaks of MB@MI were at 7.38°, 12.84°, 29.5°
and 33.78°, which agreed with those of Cu3(PO4)2 (JCPDS: 22-
0548). For the verification of the feasibility of the design prin-
ciple, we conducted experiments with and without the target
E. coli O157:H7 sensor on the electrode to compare the DPV
responses. No redox peaks (black curve) could be observed
without the target in the gold electrode (Fig. 1d). After modifi-
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cation with the target and signal tag, the redox peak current
(purple curve) increased significantly because MB@MI nano-
composites successfully formed sandwich structures with the
targets and aptamer probes on the gold electrode. As shown in
Fig. 1e, after the modification of the electrode with AP and
E. coli O157:H7, the CV current was reduced because AP and
the target bacteria can slightly hinder the electron transfer.
However, the peak currents of the electrode increased dis-
tinctly after coupling of the MB@MI nanocomposites, indicat-
ing a rapid electron transfer. The DPV and CV responses of the
immunosensor based on the synthesized sensor of MB@MI
were successfully immobilized on the gold disk electrodes.

Optimization of the experimental conditions

To achieve high detection sensitivity, assay parameters, such
as the concentration of the captured aptamers, concentration
of signal probe nanocomposites, incubation temperature, and
incubation time, were optimized. The target bacteria at a con-
centration of 105 CFU mL−1 were used to optimize the para-
meters. The captured aptamers fixed on the gold electrode
surface affected the electrochemical response of the immuno-
sensor. As the captured probe, the concentration of aptamers
ranged from 0.5 to 2.0 µM. Theoretically, the more the cap-
tured aptamer was fixed, the greater the electrochemical signal
was observed. However, too many captured aptamers immobi-
lized on the Au electrode surface can hinder electron transfer
on the surface of the electrode, reducing the sensitivity of the
biosensor. The maximum current signal was obtained at
1.0 µM (Fig. 2A). The recognition efficiency between the signal
probe and E. coli O157:H7, and current signal amplification
were, respectively, influenced by the amount of MI and MB
immobilized in the hybrid nanocomposites. In the preparation
of hybrid nanocomposites, different concentrations of MB and
MI were analyzed. The current signal increased with the con-
centration of MB, and it was maximum when the concen-

tration of MB reached 10 µM; then the current signal began to
decline with a further increase of the MB concentration
(Fig. 2C). Therefore, 10 µM MB was chosen to prepare
MB@MI. The current signal increased with the increase of the
concentration of MI, and the current signal decreased when
the concentration of MI reached 5 µg mL−1 (Fig. 2B).
Therefore, 5 µg mL−1 MI was selected to prepare MB@MI. As
the volume of MB@MI increased from 250 to 350 μL, the
current responses were increased. When the concentration of
the captured aptamers exceeded 350 μL, the current responses
began to decrease. Therefore, 350 μL was the optimum volume
of MB@MI for preparing immunosensors (Fig. 2D).

Incubation time and temperature had important effects on
biosensor sensitivity. Different incubation times for E. coli
O157:H7 from 60 to 180 min and MB@MI from 15 to 75 min
were analyzed (Fig. 3). The optimal incubation times of 30 min
for MB@MI and 120 min for E. coli O157:H7 were used in this
study. The incubation temperature of 4–37 °C was used for the
detection of the target bacteria. The current signal was
maximum when the incubation temperature was 25 °C.
Therefore, the optimal incubation temperature was selected as
25 °C.

Sensitivity of the proposed immunosensor

To examine the sensitivity of the proposed approach, various
concentrations of E. coli O157:H7 under the optimal experi-
mental conditions were further studied by DPV (Fig. 4). A
decline in the DPV signal with some concentrations was
recorded, which coincided with what we designed. Good linear
dependence between the current changes and the logarithm of
the concentrations of E. coli O157:H7 ranged from 102 to 107

CFU mL−1, and the detection limit was 32 CFU mL−1. The
fitted linear regression equation is Y = −0.04965 × X + 0.04137
(R2 = 0.9932). The comparative analytical performance (detec-
tion range and limit) between the designed method and other

Fig. 1 SEM images of MB@MI at a scale of 1 μm (a) and 100 nm (b). The average size of MB@MI was ∼3 μm. (c) XRD of MB@MI showing peaks for
Cu3(PO4)2·3H2O (JCPDS 22-0548). DPV (d) and CV (e) signals of the prepared electrochemical immunosensor after sensing with or without E. coli
O157:H7 (107 CFU mL−1) in 100 mM PBS containing 1.0 mM NaCl.
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Fig. 2 Effect of (A) different concentrations of aptamers of 0.5, 1.0, 1.5 and 2.0 µM; (B) MB loading concentration of 2.5, 5, 10, 20 and 30 µM; (C) MI
loading concentration of 2.5, 5, 10, 15 and 20 µM; and (D) nanocomposite volume of 250, 300, 350, 400 and 450 µL.

Fig. 3 Effect of (A) time of MB@MI nanocomposite incubation, (B) time of E. coli O157:H7 incubation, and (C) temperature of incubation.

Fig. 4 (A) DPV responses of our designed biosensor toward different concentrations ranging from 10 to 108 CFU mL−1 for E. coli O157:H7. (B) The
calibration plot between the current intensity of the logarithm of E. coli O157:H7 and the DPV peak current (the error bars are standard deviations
for n = 3).
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reported detection methods is shown in Table 1. Compared to
other approaches, the designed method achieved excellent per-
formance for detecting E. coli O157:H7, with a LOD of 32 CFU
mL−1. The lower LOD of the approach may be attributed to
more MB-loaded nanocomposites as signal-amplifying tags.

Specificity

To analyze the specificity of the approach, we chose three
pathogenic bacteria: S. typhimurium (Sal), S. aureus (Sta) and
L. monocytogenes (Lis) as the nontarget pathogenic bacteria.
Compared with the blank experiment with non-target patho-
genic bacteria, the current change in the designed method
caused no significant signal change (Fig. 5). This was attribu-
ted to the specific recognition of the captured aptamer probe
and the signal probe nanocomposites. The selected aptamers
and antimicrobial peptides could specifically identify E. coli
O157:H7. This guarantees the specificity of this method and
resists the interference of other bacteria.28 These results
demonstrated that the designed approach for detecting E. coli
O157:H7 (E. coli) had excellent specificity.

Real sample analysis

To verify the application and reliability of the electrochemical
method for detecting pathogenic bacteria, the electrochemical
immunosensor was used to detect E. coli O157:H7 based on

the standard addition method. Various concentrations of
E. coli O157:H7 (103, 104 and 105 CFU mL−1) were spiked into
pure milk (Table 2). The recovery of the detected E. coli O157:
H7 via DPV was 88.1–115.3% and the variation of relative stan-
dard deviation (RSD) ranged from 0.7 to 3.9%. These results
indicate that the MB@MI immunosensor has the capability to
be used for the electrochemical detection of pathogenic bac-
teria in complex samples.

Conclusions

A novel electrochemical biosensor was simply designed for
highly sensitive and selective detection of pathogenic bacteria
using the captured aptamer probes and MB-loaded nano-
composite-based signal tags. This approach has a distinct
advantage, that is the nanocomposite MB@MI has excellent
signal amplification without any extra modification because of
its specific nanostructure. Therefore, under optimum con-
ditions, the electrochemical biosensor detected E. coli O157:
H7 at a concentration range of 102–107 CFU mL−1, with a
method detection limit of 32 CFU mL−1. The immunosensor
for E. coli O157:H7 detection showed high specificity, excellent
reproducibility and acceptable stability. Thus, this low cost
and highly sensitive and selective E. coli O157:H7 biosensor is
explored as a promising candidate for the determination of
E. coli O157:H7 in biological and clinical applications.

Conflicts of interest

The authors declare that they have no competing interest.

Table 2 Different concentrations of E. coli O157:H7 mixed in pure milk
samples

Original value
(CFU mL−1)

E. coli O157:H7
added (CFU
mL−1)

E. coli O157:H7
found (mean ± RSD,
CFU mL−1)

Recovery
(%)

0 1 × 103 (0.881 ± 0.007) × 103 88.1 ± 0.7
0 1 × 104 (0.992 ± 0.034) × 104 99.2 ± 3.4
0 1 × 105 (1.153 ± 0.039) × 105 115.3 ±

3.9

Table 1 Comparison of different electrochemical techniques for the detection of E. coli O157:H7

Analytical method Target Linear range (CFU mL−1) Detection limit (CFU mL−1) Ref.

EIS Bacillus anthracis 104–5 × 106 3 × 103 29
DPV E. coli O157:H7 2.1 × 101–2.1 × 107 21 31
EIS S. typhimurium 10–108 10 32
LSV E. coli 103–108 200 33
EIS Listeria cells 1.6 × 102–1.6 × 105 160 34
EIS E. coli O157:H7 102–106 290 35
DPV E. coli O157:H7 102–107 32 Our work

EIS, electrochemical impedance spectroscopy; CA, chronoamperometry; LSV, linear sweep voltammetry.

Fig. 5 Specificity of the electrochemical immunosensor for the detec-
tion of different targets. The concentration of all bacteria was 107 CFU
mL−1. 0.1 mM Tris buffer was used as a control.
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