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ABSTRACT: Accurate and highly sensitive detection of
Pantoea stewartii sbusp. stewartii-NCPPB 449 (PSS) is urgently
required for international shipments due to tremendous
agricultural economic losses. Herein, a dual amplified electro-
chemical sandwich immunosensor for PSS detection was
developed, utilizing the good specificity and low cost of
electrochemical immunoassay, the favorable conductivity and
large specific surface area of gold nanoparticles (Au NPs), and
the excellent catalytic ability of and horseradish peroxidase
(HRP). A linear curve between current response and PSS
concentration was established, and the limit of detection
(LOD) was 7.8 × 103 cfu/mL, which is 20 times lower than that for conventional enzyme-linked immunosorbent assay (ELISA).
This strategy is a useful approach for the highly sensitive detection of plant pathogenic bacterium.
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1. INTRODUCTION

Pantoea stewartii sbusp. stewartii-NCPPB 449 (PSS) is a Gram-
negative plant pathogenic bacterium that causes Stewart’s
vascular wilt in maize, and is classified as a quarantine organism
in many countries.1,2 Due to serious agricultural economic
losses and the potential risk of transmission, a highly sensitive
detection method for PSS is critical for international shipments.
The main detection methods currently used are microbial assay
(MA), ELISA and polymerase chain reaction (PCR).3−5

Although these approaches are well-proven and accepted,
complicated operations and false-positive signals as well as the
low LODs have restricted the application of MA and ELISA.6

In addition, PCR has high sensitivity, but requires expensive
instruments.2,6 A simple, accurate, highly sensitive and selective
assay capable of detecting PSS is necessary for biodefense
applications.
Electrochemical immunoassay has received more attention in

recent years due to its specificity, portability, rapid detection
and low cost.7−12 Horseradish peroxidase (HRP) is an excellent
electroactive label, which exhibits good stability and solubility,
and is commonly introduced to catalyze substrates that produce
quantitative electrochemical signals.13−15 The concentration of
PSS in maize is generally quite low in the early stage of the
disease, thus there is a need to acquire amplified electro-
chemical signals and fabricate a disposable and portable
electrochemical immunosensor for on-site monitoring in
maize. Electroactive NPs have been successfully produced to
amplify the electrochemical signals and improve the sensitivity

of electrochemical immunosensors.16−23 Au NPs with favorable
conductivity, large specific surface area and high affinity for
binding to amino-containing molecules not only allow the
attachment of multiple electroactive labels but also accelerate
electron transfer, which generates an amplified electrochemical
signal.14,15,24−26 In addition, the excellent biocompatibility of
Au NPs retains the biological activity of the antibody, thus
improving the analytical performance of the immuno-
assay.22,26−29

In this study, a simple and sensitive electrochemical
immunoassay for PSS detection was for the first time developed
using Au NPs and HRP for dual signal amplification, without
significantly increasing the complexity of the procedures. HRP-
labeled anti-PSS detection antibody (D-Ab-HRP) was prepared
in comparison to previous reports of complex enzyme-labeled
antigen procedures,13 and then was attached to the surface of
Au NPs. A sandwich immunosensor of capture anti-PSS
antibody (C-Ab), PSS and D-Ab-HRP was established (Scheme
1). The current response of the immunosensors showed a
linear relationship with the concentration of PSS, which ranged
from 2.0 × 107 to 4.0 × 104 cfu/mL, and the limit of detection
was as low as 0.78 × 104 cfu/mL (7.8 × 103 cfu/mL). Dual
amplified electrochemical immunoassay took advantages of the
extraordinary properties of Au NPs and the catalytic ability of
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HRP, and achieved accurate and highly sensitive detection of
the plant pathogenic bacterium.

2. EXPERIMENTAL SECTION
2.1. Materials and Reagents. Hydroquinone (HQ), p-amino-

benzenesulfonic acid and phosphorus pentachloride were purchased
from Shanghai Chemical Reagent. Hydrogen tetrachloroaurate
trihydrate (HAuCl4·3H2O), sodium citrate and HRP were purchased
from Sigma-Aldrich. Bovine serum albumin (BSA) was obtained from
Sunshine Biotechnology Co., Ltd. (Nanjing, China). All other
chemicals were of analytical grade. Millipore-Q water was obtained
using a Milli-Q device (18.2 MΩ, Millipore, Molsheim, France).
2.2. Preparation of D-Ab-HRP Labeled Au NPs. 0.2 mL of 10

mg/mL HRP solution was reacted with 0.2 mL of 0.06 M NaIO4 at 4
°C. After 30 min, 0.2 mL of 0.16 M ethylene glycol was added to the
mixture and the solution reacted for 30 min at room temperature. 0.2
mg of D-Ab was added to the above solution and the pH was carefully
adjusted to around 9.0 using 0.05 M carbonate buffer (pH 10.0). After
24 h, 0.08 mL of 5 mg/mL NaBH4 solution was added and the mixture
reacted for 2 h at 4 °C. 0.08 mL of saturated (NH4)2SO4 solution was
added to the mixture and the mixture was kept at 4 °C for 1 h to
obtain HRP-conjugated D-Ab. The mixtures were centrifuged at 2400g
for 30 min, and the precipitant was cleaned twice using half-saturated
(NH4)2SO4 solution and resuspended in 0.01 M pH 7.4 phosphate
buffered saline (PBS) solution with the final concentration of D-Ab at
2 μg/mL. The D-Ab-HRP conjugates were dialyzed in 0.01 M pH 7.4
PBS solution for 3 days to remove the dissociative ammonium ions,
and were stored at 4 °C in the dark.
18 ± 2 nm Au NPs were synthesized by reducing HAuCl4·3H2O

with sodium citrate.30−32 4 μL of 0.1 M K2CO3 solution was added to
1 mL of Au NPs solution, and then D-Ab-HRP solution was injected
into the above mixture at the final concentration of 13 nM. After 1 h,
50 μL 10% BSA solution was added and blocked for 1 h. The
conjugates were centrifuged at 5400g for 10 min and washed twice
with PBS solution containing 2% (w/v) BSA, 2% (w/v) sucrose and
0.02% (w/v) sodium azide. The D-Ab-HRP-Au NPs conjugates were
finally resuspended in 100 μL of PBS solution.

2.3. Immobilization of C-Ab onto Glassy Carbon Electrode
(GCE). First, the GCE was carefully polished using 0.05 μm alumina
slurry and washed with Millipore-Q water, followed sequentially by
ultrasonic cleaning in Millipore-Q water and ethanol for 3 min each.
The sulfated GCE was treated according to previous methods.24 The
GCE was scanned for 30 min in 50 mM p-aminobenzenesulfonic acid
solution at 0.1 V/s between −0.5 and +0.5 V, and then immersed in 50
mM phosphorus pentachloride solution to activate the sulfonic groups,
followed by washing and drying. Second, 5 μL of 10 μg/mL C-Ab was
immobilized onto the surface of the GCE at 37 °C for 3 h. The C-Ab-
GCE was rinsed three times with 0.01 M pH 7.0 phosphate buffered
saline tween 20 (PBST) solution. Third, 5 μL of PBS solution
containing 5% BSA was added to the surface of C-Ab-GCE and the
redundant sites were blocked at 4 °C overnight. The C-Ab-GCE was
washed three times with 0.01 M pH 7.0 PBST solution.

2.4. Fabrication of the Electrochemical Immunoassay. For
PSS detection, the prepared C-Ab-GCE was immersed in different
concentrations of PSS solution and incubated at room temperature for
1 h, followed by rinsing with 0.01 M pH 7.0 PBST solution and drying
by N2. Then, 5 μL of D-Ab-HRP-Au NPs was added to the surface of
the electrode to combine with PSS for 1 h and the electrode was
washed with 0.01 M pH 7.0 PBST solution three times. The sandwich
structure of C-Ab-PSS-D-Ab was formed. 8 mL of pH 7.0 PBS solution
containing the enzymatic substrate of 1.5 mM HQ and 2.0 mM H2O2

was added to the electrolytic cell. The linear sweep voltammetric
(LSV) curves of the enzymatic products were recorded.

2.5. Instrumentation and Measurement. Electrochemical
measurements and the electrochemical impedance spectroscopy
(EIS) were performed on a three-electrode system of the CHI660D
electrochemical workstation (Chenhua Instrument Company, Shang-
hai, China), in which the GCE was the working electrode, the Pt wire
was the auxiliary electrode and a saturated calomel electrode was the
reference electrode. EIS was measured in a solution of 5 mM
[Fe(CN)6]

3− and 0.1 M KCl from 1 × 105 to 0.1 Hz with a pulse
amplitude of 5 mV. The morphology of Au NPs was characterized
using transmission electron microscopy (TEM, JEOL JEM-2100)
operating at an acceleration voltage of 200 kV. UV/vis spectra were

Scheme 1. Schematic Illustration of Au NPs Amplified Electrochemical Immunoassay for PSS Detection
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measured by a UNICO 2100 PC UV/vis spectrophotometer and
processed using Origin Lab software.

3. RESULTS AND DISCUSSION
3.1. Characterization of Au NPs and the Conjugates of

D-Ab-HRP-Au NPs. In this study, an anti-PSS detection
antibody (D-Ab) and an anti-PSS capture antibody (C-Ab)
were prepared and paired in our laboratory. To achieve highly
sensitive detection of PSS, Au NPs, as the supporter carrying
HRP-labeled D-Ab, were fabricated.33 As shown in Figure 1, the
synthesized Au NPs of 18 ± 2 nm showed good dispersity,
unique morphology and exhibited a localized surface plasmon
resonance (LSPR) at 521 nm. D-Ab showed a UV absorption
peak at 278 nm, whereas HRP-labeled D-Ab showed two
obvious peaks at 278 and 402 nm, illustrating the successful
modification of HRP on D-Ab according to the sodium
periodate method. For D-Ab-HRP-Au NPs conjugates, not only
the UV absorption of D-Ab and HRP was obtained but also the
LSPR of Au NPs occurred to 5 nm red shift. The hydrodynamic
sizes of Au NPs after modification showed a narrow size
distribution (Figure S1, Supporting Information). No aggrega-

tion was observed from TEM images. These results showed Au
NPs possessed good dispersity and good stability, indicating
they can serve as an excellent biocompatible supporter to load
D-Ab-HRP on the surface in the application. The average
number of HRP-labeled anti-PSS detection antibody on each
Au NP was calculated to be 4.1 ± 0.5 (Figure S2).

3.2. Optimization of the Experimental Conditions of
the Immunoassay. The electrochemical immunoassay
depended on the electrochemical features of HRP, which
catalyzed the oxidation of HQ and H2O2. The enzymatic
substrate concentration of HQ and H2O2, the amount of D-Ab-
HRP-Au NPs and the incubation time all had an impact on the
current response of the immunosensor. As shown in Figure 2a,
under the same concentration of H2O2, D-Ab-HRP-Au and
incubation time, the current response of the immunosensor
increased with increasing concentration of HQ from 0.5 to 1.5
mM and tended to balance from 1.5 to 3.0 mM. The optimized
concentration of HQ was 1.5 mM. Figure 2b shows the effect of
H2O2 concentration on the current response of the
immunosensor. 2.0 mM H2O2 was chosen as the optimum

Figure 1. (a) TEM images of 18 ± 2 nm Au NPs; (b) UV−vis spectra of D-Ab, D-Ab-HRP, Au NPs and the conjugates of D-Ab-HRP-Au NPs.

Figure 2. Current response of immunosensor in pH 7.0 PBS solution (a) at different HQ concentrations under 1 mM H2O2, 1 μg/mL D-Ab-HRP-
Au and incubation for 45 min; (b) at different H2O2 concentrations under 1.5 mM HQ, 1 μg/mL D-Ab-HRP-Au NPs and incubation for 45 min; (c)
at different D-Ab-HRP-Au NPs concentrations under 1.5 mM HQ, 2 mM H2O2 and incubation for 45 min; (d) at different incubation times under
1.5 mM HQ, 2 mM H2O2 and 1 μg/mL D-Ab-HRP-Au NPs.
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concentration at which the maximum current was obtained. In
the presence of 1.5 mM HQ and 2.0 mM H2O2, the catalytic
current of the electrochemical immunoassay increased with
increasing concentration of D-Ab-HRP-Au NPs conjugates
from 0.5 to 3.0 μg/mL and an increase in incubation time from
20 to 60 min. However, there were no obvious changes at
higher concentrations of D-Ab-HRP-Au NPs conjugates and
longer incubation times.
3.3. Electrochemical Behaviors of Au NPs Amplified

Immunosensors. The interface properties of surface-modified
GCE were characterized through monitoring the changes of
electron-transfer resistance (Figure S3, Supporting Informa-
tion). In comparison with the small semicircle at high
frequencies for bare GCE, C-Ab-GCE exhibited a higher
resistance due to the poor conductivity of C-Ab, indicating the
successful modification of C-Ab. Similarly, the resistance further
increased after PSS combined with C-Ab on the electrode. The
insulating C-Ab layer and PSS layer retarded the electron
transfer, resulting in even higher resistance. Interestingly, when
D-Ab-HRP-Au NPs conjugates were added onto the GCE
surface, the resistance of the electrochemical immunosensors
decreased, which was ascribed to the good conductivity for
effective electron transfer.
Under the optimized detection conditions, the oxidation−

reduction reaction between HQ and H2O2 catalyzed by HRP
was promoted. As shown in the cyclic voltammetry (CV) curve
of Figure 3, no redox response was observed for the bare GCE

immersed in pH 7.0 PBS solution containing no HQ and H2O2.
In comparison to the small redox peaks of the modified GCE
immersed in pH 7.0 PBS solution containing 1.5 mM HQ and
2.0 mM H2O2, the modified GCE after incubation with D-Ab-
HRP exhibited a higher current response, attributed to the
excellent catalysis of HRP (Figure S4, Supporting Information).
When D-Ab-HRP-Au NPs conjugates were immobilized on the
surface of the PSS-C-Ab modified GCE, a substantial amplified
current response was observed. The mechanism underlying the
Au NPs amplified electrochemical signal can be ascribed to the
good biocompatibility, excellent electron transfer and the
superior specific surface area of Au NPs.15,22,24,25 The favorable
conductivity of Au NPs accelerated the electron transfer from
enzymatic substrate to electrode. The high surface-to-volume of
Au NPs enriched the amount of D-Ab-HRP, which further

promoted the catalytic process and greatly improved the
detection sensitivity of the immunoassay for the plant
bacterium. However, the peak-to-peak separation showed a
slight increase, which can be eliminated by optimizing the
scanning rates and the concentration of different electrolyte
solution, avoiding the polarization of electrodes and faultlessly
polishing the electrodes.28,34,35

3.4. Analytical Performance of the PSS Electro-
chemical Immunoassay. A sandwich electrochemical
immunoassay that depended on the highly specific molecular
affinity of C-Ab, PSS and D-Ab was used to detect PSS. As
shown in Figure 4, the linear sweep stripping voltammetric

(LSV) curve of the C-Ab modified GCE after incubation with
increasing concentrations of PSS and D-Ab-HRP-Au NPs
conjugates showed an enhanced electrocatalytic current
response in pH 7.0 PBS solution containing 1.5 mM HQ and
2.0 mM H2O2. A linear plot of the stripping peak current of the
immunosensors versus the PSS concentration ranging from 2.0
× 107 to 4.0 × 104 cfu/mL was established with a correlation
coefficient of 0.993 (Figure 5). The coincident peak potential of

the stripping peaks indicated good accuracy and reproducibility
of the Au NPs amplified immunoassay. The LOD was down to
7.8 × 103 cfu/mL, which was calculated at a signal-to-noise
ratio of 3σ (where σ was the standard deviation of the signal in
a blank solution, see the Supporting Information). These
results indicated that the proposed electrochemical immuno-

Figure 3. CV curves of (a) bare GCE in pH 7.0 PBS solution and
(b,d) PSS-C-Ab-GCE in pH 7.0 PBS solution containing 1.5 mM HQ
and 2 mM H2O2, without D-Ab-HRP (b), with D-Ab-HRP (c) and
with D-Ab-HRP-Au NPs (d).

Figure 4. LSV curves of immunosensor at different PSS concen-
trations.

Figure 5. Calibration plots of the peak current of LSV and PSS
concentration ranging from 2.0 × 107 to 4.0 × 104 cfu/mL.
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assay for PSS detection was highly sensitive and the detection
limit was almost 20 times lower than that with ELISA (1.5 ×
105 cfu/mL). In comparison to other methods depending on
fluorescence signal or magnetic relaxation (Table S1,
Supporting Information), dual amplified electrochemical
sandwich immunoassay was free from oxygen, humidity and
foreign species, and was simply operated, low cost, accurate and
stable.
To evaluate the reliability of the Au NPs amplified

immunoassay, spiked experiments were performed by quantify-
ing the PSS concentration in corn seed soak solution. The
recoveries for the spiked samples ranged from 90.6% to 107.5%
(Table 1). The selectivity performance of the immunosensors

was studied using another four types of plant pathogenic
bacteria at a concentration of 1.0 × 107 cfu/mL, and included
Burkholderia glumae (NCPPB 2391), Rice bacterial leaf streak
pathogen (NCPPB 1585), Rice bacterial Cercospora leaf spot
pathogen (NCPPB 2844) and Crucifer black spot pathogen
(NCPPB 1820). As illustrated in Figure 6, the current response

of electrochemical immunosensors for the other four target
analytes was much smaller than that of PSS, which was mainly
due to the weak redox reaction between HQ and H2O2 without
the catalysis of HRP. Besides specificity, the regeneration and
stability of electrochemical immunosensors were also important
criterions in the real applications. The current response of
sensors was investigated by detecting three different concen-
trations of PSS before and after elution (Figure S5, Supporting
Information). There were almost no cross-impacts between
different concentrations of PSS, and the current signal was
easily recovered to the original current response of bare GCE.
Furthermore, no obvious changes for CV curves were observed
with 2 to 20 h (Figure S6, Supporting Information), illustrating
the good stability of electrochemical sensors. These results

showed that the Au NPs amplified electrochemical immuno-
assay has potential in real applications.

4. CONCLUSIONS
In summary, a dual amplified electrochemical immunoassay was
developed for highly sensitive detection of PSS, utilizing the
favorable conductivity and large specific surface area of Au NPs
and the excellent catalytic ability of HRP. With a sandwich
enzyme-based immunoassay format, the LOD for PSS
detection was down to 7.8 × 103 cfu/mL, which increased
the detection sensitivity by 20-fold compared with conventional
ELISA. The biocompatible recognition and amplified signal
provides a useful way to fabricate nanomaterials-driven
electrochemical immunosensors for the highly sensitive and
multiple plant pathogenic bacteria detection, which were critical
on the way for achieving on-site monitoring of maize.
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