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Abstract
Yersinia pseudotuberculosis is an enteric bacterium causing yersiniosis in humans. The existing Yersinia pseudotuberculosis
detection methods are time-consuming, requiring a sample pretreatment step, and are unable to discriminate live/dead cells. The
current work reports a phage-based electrochemical biosensor for rapid and specific detection of Yersinia pseudotuberculosis.
The conductive poly(indole-5-carboxylic acid), reduced graphene oxide, and gold nanoparticles are applied for surface modifi-
cation of the electrode. They possess ultra-high redox stability and retain 97.7% of current response after performing 50
consecutive cycles of cyclic voltammetry.The specific bacteriophages vB_YepM_ZN18 we isolated from hospital sewage water
were immobilized on modified electrodes by Au-NH2 bond between gold nanoparticles and phages. The biosensor fabricated
with nanomaterials and phages were utilized to detect Yersinia pseudotuberculosis successfully with detection range of 5.30 ×
102 to 1.05 × 107 CFUmL−1, detection limit of 3 CFU mL−1, and assay time of 35 min. Moreover, the biosensor can specifically
detect live Yersinia pseudotuberculosis without responding to phage-non-host bacteria and dead Yersinia pseudotuberculosis
cells. These results suggest that the proposed biosensor is a promising tool for the rapid and selective detection of Yersinia
pseudotuberculosis in food, water, and clinical samples.
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Introduction

Yersinia pseudotuberculosis (Y. pseudotuberculosis) is a
Gram-negative bacterium, which is responsible for acute en-
teric disease along with post-infection complications,

including erythema nodosum, reactive arthritis, glomerulone-
phritis, Reiter’s syndrome, sepsis, and myocarditis [1].
Symptoms of such illness are often clinically indistinguishable
from those of acute appendicitis, thus possibly leading to un-
necessary appendectomies [2]. Therefore, early-stage detec-
tion of this bacterium is important to avoid probable improper
treatment of already infected people. Conventional plate-
culture and colony-count detection method for Y .
pseudotuberculosis is reliable, but it is laborious and time-
consuming [3]. Several modern detection techniques have
been reported, such as enzyme-linked immunosorbent assays
(ELISA) [1], polymerase chain reaction (PCR), and PCR de-
rivatives (e.g., real-time PCR, multiplex PCR, or loop-
mediated isothermal amplification) [4–6]. Although these
techniques are sensitive and rapid, there are still some disad-
vantages limiting their capability of onsite detection, such as
the requirement of professional staff, expensive reagents, and
the possibility of obtaining false positive results [7–9]. Thus,
the development of advanced, simple, and rapid methods for
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Y. pseudotuberculosis detection is highly required and crucial
to overcome such limitations.

Recently, electrochemical biosensors are attention-grabbing
because of their excellent sensitivity, low cost, rapid analysis,
and easy for miniaturization [10]. However, nucleic acid or
antibodies-based biosensors for bacterial detection cannot dis-
criminate live and dead cells, potentially result in a false-posi-
tive/-negative outcome [11]. Additionally, the sensitivity of such
bio-recognition elements to extreme temperature, pH, and other
environmental conditions are limiting their practical application
[12]. On the other hand, bacteriophages are exciting recognition
elements in biosensors development because of their high spec-
ificity toward target bacterium, tolerance to extreme temperature
and pH, ability to discriminate live/dead bacteria, and cost-
effective and simple production in bulk [13]. To date, many
phage-based biosensors have been reported for the detection of
Escherichia coli, Salmonella, Staphylococcus aureus, and other
common pathogenic bacteria [3].

Various types of redox-active materials have been reported
as electronic media in the development of electrochemical
biosensors, such as ferrocene, Prussian blue, and methylene
blue [14–16]. Such redox-active materials suffer from low
conductivity and poor stability [17]. The development of elec-
trochemical biosensor with highly stable redox-signal is still
challenging. Application of the poly(indole-5-carboxylic acid)
(PI–5–CA) is receiving immense interest in the field of elec-
trochemistry owing to its eminent properties such as abundant
functional groups, great electrical conductivity, and high re-
dox activity [18]. However, utilization of PI–5–CA in electro-
chemical biosensors is reported in the literature mostly for
immobilization applications, only a few articles report its
redox-active applications [19, 20]. Therefore, the excellent
property of PI–5–CA was utilized in the development of elec-
trochemical biosensor, alternatively boosting the biosensor
performance. In addition to the PI–5–CA, the incorporation
of reduced graphene oxide (rGO) and gold nanoparticles
(AuNPs) can further improve the redox stability as well as
electrical conductivity due to its fast electron transfer rate
and electrocatalytic activity [16, 21].

The current study reports the development of a PI–5–CA/
rGO/AuNPs/phage-based electrochemical biosensor for spe-
cific detection of Y. pseudotuberculosis. Firstly, we collected
the hospital sewage water and isolated specific phages as bio-
recognition element for the fabrication of biosensor. Then we
synthesized the PI–5–CA/rGO/AuNPs material for electrode
modification. The exact composition of the material was dem-
onstrated by FTIR, Raman, and EDX tests. The redox stability
and conductivity of material were investigated by electro-
chemical characterization. Subsequently, the phage was
immobilized on modified electrodes. The density of
immobilized phages was determined through fluorescent ob-
servations. The feasibility and detection principle of the pre-
pared biosensor was expounded by SEM, DPV, and EIS

analysis. Finally, our phage-based biosensor was utilized for
real samples detection and its reliability was confirmed by
comparing with the conventional method.

Materials and methods

Reagents

Indole-5-carboxylic acid (I–5–CA) was purchased from
Shanghai Vita Chemical Regent Co., Ltd. (Shanghai, China).
Graphene oxide (GO) was purchased from Nanjing Xian Feng
Nanomaterials Technology Co., Ltd. (Nanjing, China).
Tetrachloroauric acid trihydrate (HAuCl4·3H2O) was purchased
from Aladdin Chemistry Co., Ltd. (Shanghai, China). Bovine
serum albumin (BSA) was purchased from Sigma-Aldrich
(USA). Ethanol, ammonium persulfate (APS), H2SO4, L-ascor-
bic acid, and trisodium citrate were purchased from Sinopharm
Chemical Co. Ltd. (Shanghai, China). Phosphate buffer (PBS)
was prepared with 1:1 (0.1 M) NaH2PO4 and Na2HPO4 with
different pH values.

Bacterial culture

Y. pseudotuberculosis (kindly provided by Prof. Meiying
Gao’s lab) was grown in 5 mL of Luria-Bertani (LB) medium
in a shaking incubator at 37 °C for 6 h. Then the bacterial
culture was centrifuged at 4000 g for 10 min to completely
remove the media, and the pellet was resuspended in PBS.
The concentration of bacteria was evaluated by agar plate
count method and expressed in colony-forming units per mil-
liliter (CFU mL−1). All details about other bacterial strains
used in the current s tudy were described in the
Supplementary Information file.

Phage isolation, propagation, and characterization

Y. pseudotuberculosis specific phage was isolated from hospital
sewage water (Zhongnan Hospital of Wuhan University,
Wuhan, China) following the basic protocol of lambda phage
isolation (Scheme S1). Briefly, the sewage water sample was
centrifuged at 4000 g for 10 min, followed by filtration of the
supernatant through a 0.22 μm syringe-driven filter. Next,
0.2 mL filtrate was added into 5 mL of Y. pseudotuberculosis
culture at log phase in 10 mL of 3 × LB, and followed by incu-
bation at 37 °C for 24 h. The incubated culture was again cen-
trifuged at 4000 g for 10min and filtered through a 0.22μm filter
to remove bacteria. Subsequently, the filtrate was serially diluted
and incubated with logarithmic phase Y. pseudotuberculosis for
10 min; double agar overlay plaque assay was carried out for
plaque assay. Single plaque of phage was selected and repeated
double agar overlay plaque assay at least six times in order to
purify the phage. Furthermore, the isolated bacteriophage was
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amplified using double agar overlay plaque assay. Briefly,
200 μL of Y. pseudotuberculosis at log phase and 100 μL of
phage (104~105 PFU mL−1) were added to molten soft agar (LB
containing 0.5% agarose), poured onto LB plates, and overnight
incubated at 37 °C. SM buffer (3 mL) was then added to the
plates, shaking horizontally for 2 h. Then the solution was col-
lected to centrifuge and filter in order to remove bacteria and
debris. Finally, the phage titer was measured using plaque assay
and expressed in PFU mL−1.

The genome extraction from bacteriophage was performed
according to the method described by Santos [22] with some
modifications. The IlluminaHiseq 2500 system (Illumina, San
Diego, CA, USA) was used to sequence genomic DNA. The
genome was assembled with the software SPAdes-3.5.0.
Open reading frames (ORFs) and tRNA were predicted with
RAST (http://rast.nmpdr.org/rast.cgi). The morphology of
phage was characterized by a transmission electron
microscope (TEM) (HT7700, HITACHI, Japan). The phage
samples were prepared by absorbing the phage on copper-
Formvar-carbon grids (Ted Pella, Inc.) for 10 min, followed
by negative staining for 2 min with 4% phosphotungstate
(pH = 6.8). The grids with adsorbed phages were air-dried
before examining under the microscope.

Fabrication of PI–5–CA/rGO/AuNPs/phage-based
electrode

To develop a phage-based working electrode, surface of the
glassy carbon electrode (GCE) was polished twice with alu-
mina powder of 0.3 μm and then with 0.05 μm, followed by
ultrasonic cleaning in deionized water and ethanol. The prep-
aration of PI–5–CA/rGO/AuNPs materials was described in
the Supplementary Information file. Then PI–5–CA/rGO/
AuNPs materials (8 μL) was carefully dropped on the elec-
trode and dried at room temperature, followed by washing
with deionized water to remove unfixed materials from the
surface of the electrode. Then 8 μL of isolated phage
vB_YepM_ZN18 (1010 PFU mL−1) was incubated on PI–5–
CA/rGO/AuNPs-modified electrode at 37 °C for 2 h, followed
by washing with deionized water to remove any unbound
phages. Subsequently, BSA (1 mg mL−1, 8 μL) was added
on the surface of the modified electrode and allowed to incu-
bate at 37 °C for 30min to block the nonspecific binding sites,
followed by washing with deionized water to remove free
BSA. Thus, the obtained phage-based electrode was stored
at 4 °C for subsequent bacterial detection.

Characterization of the modified electrode

The morphology of the developed PI–5–CA/rGO/AuNPs/
phage-based electrode was characterized under a field emis-
sion scanning electron microscope (FE-SEM) (Nova
NanoSEM 450, FEI, Netherlands), while variations in

functional groups were characterized by Fourier transform
infrared spectrometer (FTIR) (VERTEX 70, Bruker,
Germany). The constituent elements of the composition were
studied by the X-ray photoelectron spectroscopy (XPS)
(AXIS-ULTRA DLD-600 W, Shimadzu, Japan). The struc-
tural features of the composite were studied by an x’pert3
powder diffraction (XRD) instrument (PANalytical B.V.,
Netherlands). For fluorescent characterization of phages,
100 μL of 1010 PFU mL−1 of phages were stained with 5×
SYBR gold (fluorescent nucleic acid stain) for 20 min [23].
Prior to fluorescent observations, any free dye on phage par-
ticles were removed by diluting and centrifuging across a
100 kDa (EDM Millipore, UFC 910008) filter four times.
After 4-step of centrifugation, the phage was resuspended in
saline to the original volume. The stained phages were then
immobilized on PI–5–CA/rGO/AuNPs modified indium tin
oxide (ITO) electrode and observed under confocal micro-
s c o p e ( FV1000 IX81 , O l ympu s , J a p a n ) . Th e
Electrochemical workstation CHI630E (Shanghai Chenhua
Instrument, China) was used for electrochemical characteriza-
tion in a typical three-electrode cell. The cell contained a
counter electrode (platinum 5 mm× 5 mm), a reference elec-
trode (Ag/AgCl electrode), and a bare GCE (Ф = 3 mm) as the
working electrode. The modified electrode was characterized
electrochemically by cyclic voltammetry (CV), differential
pulse voltammetry (DPV), and electrochemical impedance
spectroscopy (EIS) analysis. At potential range from − 0.3 to
0.7 V (vs. Ag/AgCl), the CV analysis was recorded at a scan
rate of 100 mV s−1 and DPV analysis was recorded at the
amplitude of 50 mV and with a pulse period of 0.2 s. EIS
analyses were performed at room temperature in 5.0 mM
[KFe(CN)6]

3−/4− (1:1) containing 0.1 M KCl.

Electrochemical detection of Y. pseudotuberculosis

For electrochemical detection of Y. pseudotuberculosis, 6 μL
of bacterial cultures with different cell densities (5.30 ×
102 CFU mL − 1 , 6 . 40 × 10 3 CFU mL− 1 , 1 . 80 ×
105 CFU mL − 1 , 7 . 90 × 10 5 CFU mL− 1 , 5 . 10 ×
106 CFU mL−1, 1.05 × 107 CFU mL−1) were incubated on
PI–5–CA/rGO/AuNPs/phage-based biosensor at 37 °C for
30 min. The PI–5–CA/rGO/AuNPs/phage-based electrodes
were washed with PBS to remove any unbound bacteria.
Finally, DPV analysis was recorded at potential range from
− 0.3 to 0.7 V (vs. Ag/AgCl) in PBS (0.1 M, pH 6.0).

Specificity, live/dead cells discrimination, reproduc-
ibility, and storage stability

The specificity of our proposed biosensor was determined
against Y. pseudotuberculosis and other non-host bacteria like.
Briefly, Y. pseudotuberculosis and Yersinia pekkanenii, E.
coli O157:H7, Yersinia enterocolitica, S. aureus at same cell
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density (3.00 × 106 CFU mL−1) were incubated on modified
electrodes for 30 min and DPV measures were performed. As
the control, PBS (no bacteria) and a mixture of all host and
non-host bacteria were also detected by the same condition.
Further, the ability of our proposed biosensor to detect live Y.
pseudotuberculosis cells in a mixture of live/dead Y.
pseudotuberculosis cells was studied by the DPV measures.
The concentration of live bacterial cells can be measured by
plate count method (3.30 × 105 CFUmL−1) and the same con-
centration of dead bacterial cells was obtained by sterilization
of live bacterial cells (3.30 × 105 CFU mL−1) at 121 °C for
25min. The dead and live bacterial cells at same concentration
were mixed (1:1) and applied for detection.

The storage stability of this biosensor was assessed within
4 weeks; the PI–5–CA/rGO/AuNPs/phage-based biosensor
was stored at 4 °C and measured by DPV every week.
Additionally, the reproducibility of the PI–5–CA/rGO/
AuNPs/phage-based biosensor was evaluated by DPV mea-
surement with Y. pseudotuberculosis (8.00 × 105 CFU mL−1)
by preparing seven separately modified electrodes.

Analysis of real samples

The practical application of our proposed phage-based biosen-
sor was evaluated to detect Y. pseudotuberculosis in river
water samples (collected from East Lake, Wuhan, China).
For analysis, the river water samples were inoculated with
different volume of bacterial culture. Then the cell density of
bacteria was analyzed by the plate count method and our pro-
posed phage-based biosensor.

Results and discussion

In this study, a PI–5–CA/rGO/AuNPs/phage-based biosensor
was proposed for Y. pseudotuberculosis detection. The step-
by-step fabrication of biosensor with PI–5–CA/rGO/AuNPs
ma t e r i a l s and phage s , and app l i c a t i o n f o r Y .
pseudotuberculosis detection are presented in Scheme 1.

Morphology characterization and genome analysis of
isolated phage

The isolated bacteriophage (vB_YepM_ZN18) from hospital
sewage water produced clear plaques on the plate of Y.
pseudotuberculosis (Fig. 1a). It demonstrates that the phage
is a virulent bacteriophage that lysed Y. pseudotuberculosis
and generated the progeny phages. The average particle size
of phages was estimated by randomly selecting 20 particles
from the TEMmicrograph. The results reveal a head of 106.1
± 3.6 nm and a contractile tail of 110.4 ± 2.6 nm (Fig. 1b).

The host range of phage vB_YepM_ZN18 is confirmed by
infecting different bacteria. It is one of the defining biological
characteristics to confirm phage specificity toward a particular
b a c t e r i um . As shown in Tab l e S1 , t h e phage
vB_YepM_ZN18 do not show infectivity to non-host bacteria
but infect Y. pseudotuberculosis specifically. Compared to the
phage PY 100 [24], PST [25] with broad host range toward
Yersinia species, the isolated phage vB_YepM_ZN18 from
hospital sewage water shows great specificity toward Y.
pseudotuberculosis. It is appropriate for the development of
phage-based biosensors to specif ical ly detect Y .
pseudotuberculosis.

Scheme 1 Schematic illustration of (I) glassy carbon electrode (GCE)
modification with PI–5–CA/rGO/AuNPs materials, subsequent (II) im-
mobilization of isolated phage to develop PI–5–CA/rGO/AuNPs/phage-

based bio-electrode and (III) application for Y. pseudotuberculosis detec-
tion by electrochemical analysis.
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The genome of phage vB_YepM_ZN18 was sequenced by
Illumina Hiseq 2500 system and assembled with SPAdes-
3.5.0. The genome analysis reveals that it consists of
167,856 bp of dsDNA with a G + C content of 35.4%. This
phage genome is more similar to Escherichia coli phage
vB_EcoM_ACG-C40, sharing 96.23% nucleotide sequence
identities. A total of 275 ORFs were identified on the isolated
phage genome, 264 ORFs encode proteins and 11 ORFs en-
code tRNA.Most ORFs are reverse transcribed, while only 43
ORFs are forward transcribed. Sequence alignment of 264
ORFs revealed that 144 ORFs had significantly similar genes
in the database. The complete genome sequence of phage

vB_YepM_ZN18 has been deposited in GenBank under ac-
cession no. MN716856.

The characterization of PI–5–CA/rGO/AuNPs materials
and immobilized phages on the modified electrode

The PI–5–CA/rGO/AuNPs materials was synthesized and
characterized by FTIR Raman, and XPS. The PI–5–CA was
obtained by the polymerization of I–5–CA. The variation in
functional groups is confirmed by FTIR analysis. As shown in
Fig. 2a, there is an apparent decline in peak intensity of PI–5–
CA compared to the spectra of I–5–CA, attributed to the

Fig. 1 Plaques observation and
morphology analysis of isolated
phage vB_YepM_ZN18. a
Photograph of plaques produced
by isolated phage, and b the
morphology of isolated phage by
TEM

Fig. 2 Characterization of PI–5–
CA/rGO/AuNPs materials: a
FTIR of I–5–CA, PI–5–CA, PI–
5–CA/rGO, and PI–5–CA/rGO/
AuNPs; b Raman spectra of GO,
rGO, PI–5–CA, PI–5–CA/rGO,
and PI–5–CA/rGO/AuNPs; c
XPS of PI–5–CA, PI–5–CA/rGO,
and PI–5–CA/rGO/AuNPs; d
XRD of GO, rGO, AuNPs, and
PI–5–CA/rGO/AuNPs
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distribution of polymers’ wide conjugated chain length [26].
As shown in the spectra of both I–5–CA monomer and PI–5–
CA polymer, the peaks in the range of 710 cm−1 and 825 cm−1

are ascribed to the three C–H deformation vibration on the
benzene ring, suggesting that the polymerization of I–5–CA
maybe happened at the pyrrole ring [27]. For I–5–CA, the
stretching vibration of =CH–N appeared at 893 cm−1, whereas
such peak disappeared in the spectra of PI–5–CA [28]. The
peaks around 2531–2985 cm−1 in the spectra of I–5–CA and
PI–5–CA signify the presence of carboxyl groups. The broad
peaks in the spectra of both I–5–CA and PI–5–CA at
3360 cm−1 prove that N–H stretching vibration of the pyrrole
ring still existed on the polymers. These results reveal that the
polymerization of I–5–CA monomer might occur at the posi-
tions 2 and 3 of the pyrrole ring as stated elsewhere [20].
Furthermore, the FT-IR analysis of PI–5–CA/rGO composite
show a shift in C=C bond compared with the spectrum of PI–
5–CA. It can be assigned to the π-π interaction between PI–5–
CA and rGO [20]. Additionally, the presence of AuNPs mixed
with PI–5–CA/rGO composite enhance the vibration frequen-
cy of –C=C (at 1558 cm−1) and –CH2 (the absorption peak at
1471 cm−1), suggesting AuNPs are interacting with the PI–5–
CA/rGO composite [29].

The presence of rGO in the PI–5–CA/rGO/AuNPs mate-
rials was proved by Raman analysis. In the Raman spectra of
the GO, there are typical G band (the E2g mode of sp2 carbon
atoms) and D band (the symmetry A1g mode) which reveals
the change of the electronic conjugation state. As described in
Fig. 2b, the ratio of D/G intensity increased significantly along
with the reduction which is consistent with previous report
[30], indicating the reduction of GO had happened.
Compared to the ratio of D/G intensity in GO, that ratio of

the PI–5–CA/rGO and PI–5–CA/rGO/AuNPs are found to be
higher, confirming the deoxygenation during the synthesis
process of the composite. X-ray photoelectron spectroscopy
(XPS) spectra are also used for further analysis the composi-
tion. Figure 2c displays the index peaks of PI–5–CA/rGO/
AuNPs, which are related to the elements C, N, O, Au. The
constituent elements of the PI–5–CA/rGO/AuNPs composite,
especially the existence of Au, are confirmed through the
comparison of different materials.

The crystallinity of PI–5–CA/rGO/AuNPs was studied by
an X-ray diffraction (XRD) technique, and corresponding
XRD pattern was shown in Fig. 2d. After the reduction, the
sharp XRD peak of GO (at 2θ = 12.6°) become weaker, but a
new broad diffraction peak (at 2θ = 25.4°) appeared, which is
closer to the typical (002) diffraction peak of graphite (at 2θ =
26.1°). This result further supports the incompletion reduction
of GO by L-AA [31]. The distinct peaks at 2θ = 38.1 and 44.3
corresponded to standard Bragg reflections (111), (200) of
face center cubic lattice which is typical XRD pattern of pure
Au nanocrystals [32].

Furthermore, bacteriophages were immobilized on modi-
fied electrodes for the fabrication of biosensor. To visualize
densities of immobilized bacteriophage on the electrode sur-
face, phages were stained with SYBR gold dye [23]. As the
control, the confocal image of PI–5–CA/rGO/AuNPs with
and without phage immobilization in the absence of SYBR
gold dye show no fluorescence as expected (Fig. S1A-B). On
the other hand, phage particles labeled with SYBR gold dye
showed some fluorescent dots (Fig. S1C), suggesting that
fluorescence is generated from the reaction of dye with the
nucleic acid of the phages, neither PI–5–CA/rGO/AuNPs ma-
terials nor phages. Figure 3a, b displays the densities of

Fig. 3 Fluorescent observation of
immobilized phages’ density on
different modified electrodes, and
morphological observation of the
materials, phage immobilization,
and bacterial capture. The phages
were stained with SYBR gold (a
fluorescent nucleic acid stain).
The confocal microscopy images
of labeled phage particles
immobilized on ITO electrode
which modified with a PI–5–CA,
b PI–5–CA/rGO, and c PI–5–CA/
rGO/AuNPs. FE-SEM character-
ization of d PI–5–CA/rGO/
AuNPs/GCE, e phage
immobilized PI–5–CA/rGO/
AuNPs/GCE, and f following
bacterial capture
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immobilized phages on the surface of electrodes modified
with PI–5–CA, PI–5–CA/rGO, and PI–5–CA/rGO/AuNPs
materials, respectively. The results in PI–5–CA (Fig. 3a) and
PI–5–CA/rGO materials (Fig. 3b) immobilize few phages,
whereas a greater density of immobilized phage particles is
observed in the PI–5–CA/rGO/AuNPs materials (Fig. 3c),
suggesting that AuNPs facilitate phage immobilization.
From Fig. 3c, the calculated densities by ImageJ software
were 2.51 ± 0.4 phage particles.μm−2. These results demon-
strated that PI–5–CA/rGO/AuNPs supported the phage immo-
bilization, possibly through Au-NH2 bond between AuNPs
and vB_YepM_ZN18 phages as reported [33]. Most phages
have a negatively charged capsid (head) and positively
charged tail fibers [23, 34]. The charge difference between
head and tail fibers of the phage could be utilized for
immobilizing phage on electrode surface using electrostatic
interaction. To confirm the loss/retention of phage lytic activ-
ity after being immobilized, the disc diffusion method was
used to study the immobilized phages. The results in Fig. S2
reveal the immobilized phage retained the lytic activity to
infect Y. pseudotuberculosis and formed clear plaques on the
lawn of Y. pseudotuberculosis.

The structural morphologies of PI–5–CA/rGO/AuNPs, PI–
5–CA/rGO/AuNPs/phage, and PI–5–CA/rGO/AuNPs/phage/

bacteria on ITO glass slides were observed by SEM. The SEM
micrograph of PI–5–CA/rGO/AuNPs materials reveals a po-
rous structure, with manyAuNPs-like nanoparticles (~ 20 nm)
on the surface (Fig. 3d). This configuration of nanomaterial is
believed to offer a large surface area and promising microen-
vironment for easy immobilization of biomolecules [20].
Figure 3e shows immobilization of phage-like particles on
PI–5–CA/rGO/AuNPs electrode. The diameter of particles is
about 220 nm, suggesting the head and the less obvious tail of
phage [35]. The potential of immobilized bacteriophage par-
ticles to capture bacterial cells is demonstrated in Fig. 3f. The
results showed that the phage particles retain the bacterial
recognition capability followed by capture. Thus, the activity
of phage particles was not affected after being immobilized on
PI–5–CA/rGO/AuNPs-modified electrode.

Electrochemical characterization of fabrication
process of the phage-based biosensor

The electrochemical role of each component in the fabrication
process of PI–5–CA /rGO/AuNPs-based electrode was char-
acterized by CV measurement. As shown in Fig. 4a, CV
curves of bare GCE, PI–5–CA/GCE, PI–5–CA/rGO/GCE,
PI–5–CA/AuNPs/GCE, rGO/AuNPs/GCE, and PI–5–CA/

Fig. 4 Electrochemical characterization of different modified electrodes,
and the current and impedance changes during the fabrication process of
biosensor: a The current density measurements of bare GCE, GCE/PI–5–
CA, GCE/PI–5–CA/rGO, GCE/PI–5–CA/AuNPs, GCE/rGO/AuNPs,
GCE/PI–5–CA/rGO/AuNPs at − 0.3~0.7 V in PBS (0.1 M, pH 6.0),
scan rate: 100 mV s−1 (Ag/AgCl electrode as the reference electrode); b
Redox signal stability of the different modified electrode after 50 cycles

of continuous CV measurement; c DPV measurements at − 0.3~0.7 V in
PBS (0.1 M, pH 6.0); and d electrochemical impedance spectra in
5.0 mM [KFe(CN)6]

3−/4- (1:1) containing 0.1 M KCl of: (a) bare GCE,
(b) GCE/PI–5–CA/rGO/AuNPs, (c) GCE/PI–5–CA/rGO/AuNPs/phage,
(d) GCE/PI–5–CA/rGO/AuNPs/phage/BSA, (e) GCE/PI–5–CA/rGO/
AuNPs/phage/BSA/bacteria. The frequency range was 0.1–10,000 Hz
with signal amplitude of 5 mV
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rGO/AuNPs/GCE were recorded in 0.1 M PBS (pH 6.0). No
obvious redox peak current was observed for bare GCE and
rGO/AuNPs/GCE, while obvious redox peak was observed
after electrode modification with PI–5–CA, suggesting the
electrochemical redox activity of PI–5–CA as reported else-
where [36]. Moreover, a rise in peak currents was observed
after incorporation of rGO on the PI–5–CA–modified elec-
trode. It reveals the successful fabrication of electrode surface
with rGO promote the electron transfer and enhance the effec-
tive electrode surface area [37]. Graphene has fast electron
transfer rate and electrocatalytic activity which could be attrib-
uted to the high density of electronic states, abundant defec-
tive site, and oxygen containing groups at the edge of
graphene [19]. Additionally, a rise in peak currents was ob-
served on the PI–5–CA/AuNPs-modified electrode that re-
vealed AuNPs, ultimately facilitated electron transfer [38,
39]. Furthermore, CV analysis of PI–5–CA/rGO/AuNPs-
modified electrode revealed a further increase in the peak cur-
rent, suggesting incorporation of rGO and AuNPs improved
the electron transfer and electrocatalytic activity together
which enhance the current responses [40].

The pH of electrolyte greatly affects the electrochemical per-
formance of the modified electrode, so it is necessary to confirm
the optimal pH of electrolyte for subsequent electrochemical
measurements. By the analysis of current response and stability,
PBS (pH 6.0) is chosen as the optimal electrolyte for subsequent
electrochemical measurements (Fig. S3). Also, the relationship
between the current response and scan rate was investigated and
the result (Fig. S4) shows that the involved electrochemical re-
action is an adsorption-controlled process [41]. Meanwhile, the
signal stability of PI–5–CA, PI–5–CA/rGO and PI–5–CA/rGO/
AuNPs-modified electrodes was studied by performing 50 con-
secutive cycles of CVs. The percentage of retained current re-
sponse is 93.3%, 95.9%, and 97.7% for PI–5–CA, PI–5–CA/
rGO, and PI–5–CA/rGO/AuNPs-modified electrodes respective-
ly, confirming the enhanced stability (Fig. 4b). Compared with
other reports about redox-active materials used for electrochem-
ical biosensor [15, 16], PI–5–CA/rGO/AuNPs materials showed
higher redox activity and stability, suggesting its promising role
in development of phage-based electrochemical biosensor.

The detection principle of our prepared biosensor is that
vB_YepM_ZN18 phage as a bio-recognition element can cap-
ture Y. pseudotuberculosis specifically. Due to the non-
conductive bacteria that hinder the electrons transfer, the current
responses decrease [33], and the variations before and after cap-
ture events were recorded by the electrochemical workstation. In
addition, the PI–5–CA/rGO/AuNPs material is applied for mod-
ified electrodes for amplifying current response. The fabrication
process of the phage-based biosensor was characterized by DPV
measurement. As shown in Fig. 4c, DPV curves of bare GCE,
GCE/PI–5–CA/rGO/AuNPs, GCE/PI–5–CA/rGO/AuNPs/
phage, GCE/PI–5–CA/rGO/AuNPs/phage/BSA, and GCE/PI–
5–CA/rGO/AuNPs/phage/BSA/bacteria were recorded in

0.1 M PBS (pH 6.0). No peak current is observed for bare
GCE while PI–5–CA/rGO/AuNPs show a significant current
response. The two peaks in DPV curve could be attributed to
two electrochemical redox processes associated with the PI–5–
CA. The first process occurs over a broad potential range of
0.02~0.07 V. The second process, which appears at higher po-
tentials around 0.17 V, exhibits the most sharply defined
voltammetric peaks [42]. This result reveals an enhanced electron
transfer which is attributed to strong redox activity and outstand-
ing conductivity of PI–5–CA/rGO/AuNPs materials. When in-
cubating phage on PI–5–CA/rGO/AuNPs-modified electrode,
the obvious decrease of the current response is observed. The
possible explanation is that nonconductive phage hinders elec-
tron transfer, demonstrating that phage was immobilized on the
modified electrode successfully [43]. The immobilization might
be realized by connecting AuNPs and the vB_YepM_ZN18
phages through Au-NH2 bond [44]. When adding BSA on the
electrode for blocking the non-specific sites of the modified elec-
trode, an additional decrease current response is observed due to
the nonconductive behavior of BSA [41]. Finally, after the
phage -based b iosenso r was incuba t ed wi th Y .
pseudotuberculosis, a further decrease in current response was
recorded, confirming the specific capture of phage for Y.
pseudotuberculosis [45]. These results confirm the feasibility of
our proposed biosensor for Y. pseudotuberculosis detection.

EIS technology is also used to reflect the stepwise fabrica-
tion of the electrode surface. To obtain impedance values, EIS
data is fitted with the equivalent circuit model (the inset in
Fig. 4d). The circuit consists of electron transfer resistance
(Ret), Warburg impedance (Zw), electrolyte resistance (Rs),
and constant phase element (CPE). As Ret values vary obvi-
ously when different materials are modified on the electrode
surface, it is a sensitive indicator that can be used to reflect the
modification events happening on the surface of the work
electrode. These nonconductive materials (such as phages,
BSA, bacteria) hamper electron transfer, causing an increase
of Ret value. As shown in Fig. 4d, a little Ret (174.4 Ω) dem-
onstrates that bare electrodes have good electron transfer abil-
ity (Curve a). After PI–5–CA/rGO/AuNPs materials are used
to modify electrode, almost a straight line is observed owing
to the excellent conductivity of PI–5–CA /rGO/AuNPs mate-
rials (Curve b). After phages were immobilized on PI–5–CA
/rGO/AuNPs-modified electrode, the Ret (771.5 Ω) is in-
creased (curve c). The Ret (1852.0 Ω) is increased when the
uncombined sites on the PI–5–CA/rGO/AuNPs/phage-based
electrode surface are blocked by BSA (curve d). Continuous
increasing of the Ret (2769.0Ω) is observed after capturing Y.
pseudotuberculosis (curve e). In short, the value of impedance
increases gradually with the stepwise modification of mate-
rials on the electrode surface, and this consists with the vari-
ations of current responses measured by DPV. These results
prove that phage-based electrochemical biosensor is con-
structed successfully.
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Y. pseudotuberculosis detection with phage-based
biosensor

To optimize the performance of the phage-based biosensor,
the phage incubation time and the response time for detection
are the important factors to be optimized. The influence of
phage incubation time on the modified electrode was investi-
gated (Fig. S5). The results indicate an increase in inhibition
of current response from 1 to 2 h due to nonconductive be-
havior of phages while analyzed at incubation interval of
30 min. There was a slight decrease in inhibition of current
response while incubating phage for more than 2 h on the
modified electrode, suggesting that the immobilized phages
reached saturation at 2 h of incubation. The excess phages
hinder electron transfer due to its nonconductive behavior.
Hence, the incubation time of 2 h for phage immobilization
on the modified electrode was chosen. The assessment of
response time during a biosensor development is an important
factor to be optimized. As this biosensor is based on the event
of phage-induced cell lysis, hence the time taken by co-
incubation of phage and bacteria till the bacterial cell lysis
can decide the response time of the biosensor. Therefore, the
developed phage-based electrode was incubated along with Y.
pseudotuberculosis (7.00 × 106 CFU mL−1) for 70 min, and

the current response was investigated by DPV at interval of 10
min. As shown in Fig. S6, there was a slight decrease in
current response at 0–20 min that is assigned to phage-
induce bacterial capture and deposition on the electrode sur-
face, thus hindering the electron transfer [23]. On the other
hand, an apparent decrease in current response was observed
at 30 min of incubation while no evident variation in current
response was observed for the electrodes incubated at 40–
70 min. Thus the optimal response time of the developed
phage-based biosensor was recorded at incubation of 30 min
where an obvious decrease in current response was observed.
The results are in agreement with previously reported litera-
ture, claiming a sudden change in current response as a result
of bacterial cell lysis, followed by release of progeny phages
and cellular contents [46]. The electron/charge flow behavior
between the medium and electrode is further explained by the
released progeny phage particles that change the redox poten-
tial of the surrounding medium [47].

Our proposed PI–5–CA/rGO/AuNPs/phage-based biosen-
sor was applied for detecting different cell density of Y.
pseudotuberculosis under the optimum experimental condi-
tions. The DPV responses were recorded in Fig. 5a. The other
small peak around 0.03 V in DPV curves originates from the
PI–5–CA, which is consistent with the previous report [20, 42,

Fig. 5 The performance and specificity evaluation of our proposed PI–5–
CA/rGO/AuNPs/phage-based biosensor for detection of Y .
pseudotuberculosis. a DPV curves of the biosensor incubated with
different cell density of Y. pseudotuberculosis at − 0.3~0.7 V in PBS
(0.1 M, pH 6.0) (Ag/AgCl electrode as the reference electrode). b
Linear relationship of current inhibition vs logarithmic of Y.
pseudotuberculosis cell density. According to the DPV curves, I and I0

are the peak currents of modified electrode before and after bacterial
capture, respectively. c The detection specificity of the biosensor
toward Y. pseudotuberculosis and other non-host bacteria at same con-
centration (3.00 × 106 CFU mL−1). d DPV response of biosensor to live
(3.30 × 105 CFU mL−1), dead (3.30 × 105 CFU mL−1), and mixture of
live/dead Y. pseudotuberculosis (1:1). The standard deviation from the
triplicate experiments is represented by error bars (n = 3)
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48 ] . A l ong w i t h i n c r e a s ed c e l l d en s i t y o f Y .
pseudotuberculosis, the peak current gradually decreased.
This decrease in current response could be ascribed to the
nonconductive behavior of Y. pseudotuberculosis captured
by the immobilized phages. The more nonconductive Y.
pseudotuberculosis was captured, the more obviously current
signal changed. As shown in Fig. 5b, a good linear relation-
ship of the current signal intensity was observed with the
logarithm of Y. pseudotuberculosis cell density ranging from
5.30 × 102 to 1.05 × 107 CFU mL−1 (detailed data in the
Supplementary Information file). This result indicates that
the Y. pseudotuberculosis could be quantified by means of
linear regression equation y = 1.06x − 1.35 with a linear cor-
relation coefficient (R2) of 0.992. The estimated LOD was to
be 3 CFU mL−1 and calculated by the equation: LOD = 3 SD/
k, where SD is the standard deviation of blank control (n = 10)
while k is the slope of the linear regression equation.

The specificity of our proposed phage-based biosensor was
evaluated by incubating the biosensor with some phage-non-
host bacteria, including Yersinia pekkanenii, E. coliO157:H7,
Yersinia enterocolitica, S. aureus at same cell density (3.00 ×
106 CFU mL−1). As represented in Fig. 5c, the current re-
sponses for these non-target bacteria are the same as the blank
control. It is worthmentioning that the current response for the
target Y. pseudotuberculosis is tenfold than other bacteria,
indicating that the phage-based biosensor possesses a good
selectivity in detecting Y. pseudotuberculosis. The excellent
selectivity of our biosensor comes from phage as the recogni-
tion probe. The phages we isolated are highly specific to cap-
ture Y. pseudotuberculosis instead of other bacteria.

The discriminative detection of live bacterial cells is
crucial as only living bacterial cells are regarded as path-
ogenic and considered a health risk. Thus, to evaluate the
ability of our proposed biosensor to discriminate live cells
in the mixture of live/dead bacterial cells, the current re-
sponse was measured in the presence of different Y.
pseudotuberculosis cells, i.e., live cells, dead cells, and
the mixture of both live/dead cells (1:1). A small current
response was observed for dead Y. pseudotuberculosis
cells, which is similar to the current response for no bac-
teria. The obvious current response was observed for live
Y. pseudotuberculosis cells, whereas an intervenient cur-
rent response was observed for the mixture of live/dead

cells (Fig. 5d). As a result of mixture, the concentration of
live cells in the mixture solution decreased to half, so
does the current response. Specifically, the current re-
sponses produced by living bacteria have reached nine
times dead bacteria at the same concentration. It is obvi-
ous from the results that the phage-based biosensor is able
to discriminate live Y. pseudotuberculosis cells in a mix-
ture of live/dead cells.

Storage stability, reproducibility, and analysis in real
samples

Storage stability and reproducibility are important consider-
ations for sensors commercialization [49]. The storage stabil-
ity of the phage-based biosensor was assessed within 4 weeks,
stored at 4 °C and measured every week (Fig. S7). After
2 weeks and 4 weeks, the peak current of the biosensor de-
crease to 97.84% and 91.32% of its initial current respectively,
indicating that this biosensor has acceptable long-term stabil-
ity. In order to evaluate the reproducibility of the PI–5–CA/
rGO/AuNPs/phage-based biosensor, the current responses
were measured with Y. pseudotuberculosis (8.00 ×
105 CFU mL−1) by preparing seven separately modified elec-
trodes and RSD was 3.5% (Fig. S8). The alteration of current
responses indicates the phage-based biosensor is highly repro-
ducible. In order to further estimate the practical application of
the PI–5–CA/rGO/AuNPs/phage-based biosensor for Y.
pseudotuberculosis detection, three river water samples were
detected using our proposed biosensor and the plate count
method. As displayed in Table 1, the recovery is from 95.41
to 104.05%, indicating acceptable reliability of the phage-
based biosensor for real sample detection [33, 45].

Comparison with other reported methods

The performance of the phage-based biosensor has been eval-
uated by comparing it with previously reported methods for Y.
pseudotuberculosis detection (Table 2). So far, there are not so
many methods reported for Y. pseudotuberculosis detection,
we collected almost all literatures for Y. pseudotuberculosis
detection and listed in Table 2. Although ELISA and PCR-
related methods are relative quick and reliable, they still suffer
from some limitations, such as trained personnel, expensive

Table 1 Recovery tests for
practical river water samples by
phage-based biosensor and plate
count

Sample No. Spiked (CFU mL−1) Detected (CFU mL−1) Recovery (%)a

Present biosensor Plate count Present biosensor Plate count

1 7.40×102 7.70×102 7.53×102 104.05 101.76

2 7.40×104 7.38×104 7.20×104 99.73 97.30

3 7.40×106 7.06×106 7.33×106 95.41 99.05

a Recovery (%) is expressed as the ratio of the number of detected/number of spiked
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reagents, unable to discriminate live/dead bacterial, and not
applicable for on-site detection. Compared with other reported
methods [1, 4, 50–53], the phage-based biosensor is more
efficient with low limit of detection, short assay time, and able
to discriminate live Y. pseudotuberculosis cells in mixture of
live/dead cells. Further, the phage-based biosensor eliminated
the need of complex sample pre-treatment steps such as bac-
terial culturing or concentration of nucleic acid. All these re-
sults demonstrated that the phage-based biosensor exhibited
good analytical performance in Y. pseudotuberculosis
detection.

Conclusion

In this work, a PI–5–CA/rGO/AuNPs/phage-based electro-
chemical biosensor was successfully developed for rapid and
specific detection of Y. pseudotuberculosis. Thanks to the
ultra-high redox stability and superior conductivity of the
PI–5–CA/rGO/AuNPs materials, our biosensor performs well
with a wide detection range, a low LOD, and assay time of
35 min. Moreover, the phage-based biosensor owns excellent
stability and specificity, which is greatly favored for clinical
analysis. Additionally, this biosensor reveals excellent storage
stability and reproducibility, which is suitable for commercial-
ization. The performance of the phage-based biosensor can be
further improved by optimizing the density of phage immobi-
lization. The developed PI–5–CA/rGO/AuNPs/phage-based
electrochemical biosensor cannot be reused, but it is rapid,
specific, sensitive, and low-cost, and is a promising tool for
clinical applications of Y. pseudotuberculosis detection.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s00604-020-04676-y.
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