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Escherichia coli O157:H7 is one of the most notorious foodborne pathogens causing serious disease at low
infectious dose. To protect consumers from deadly foodborne E. coli O157:H7 infection, it is vital to
develop a simple, reliable, sensitive and rapid method which can detect low level E. coli O157:H7 in foods
at real-time. We have successfully developed a novel immunochromatographic assay (ICA) with en-
hanced sensitivity for the visual and quantitative detection of E. coli O157:H7. Sandwich-type im-
munoreactions were performed on the ICA, and Pt–Au bimetal nanoparticles (NPs) were accumulated on
the test zone. The signal amplification is based on Pt–Au bimetal NPs possessing high peroxidase activity
toward 3,3′,5,5′-tetramethylbenzidine, which can produce characteristic colored bands and thus, enable
visual detection of E. coli O157:H7 without instrumentation. The innovative aspect of this approach lies in
the visualization and quantification of target pathogen through the detection of color intensity. Due to
the excellent peroxidase activity of Pt–Au NPs, they emit strong visible color intensity in less than 1 min
for visual observation even in low concentration range of E. coli O157:H7. Quantification was performed
using a commercial assay meter. The sensitivity was improved more than 1000-folds compared to the
conventional test strip based on colored gold-colloids. Although the feasibility was demonstrated using E.
coli O157:H7 as a model analyte, this approach could be easily developed to be a universal signal am-
plification technique and applied to detection of a wide variety of foodborne pathogens and protein
biomarkers.

& 2015 Elsevier B.V. All rights reserved.
1. Introduction

Escherichia coli O157:H7 is an important foodborne pathogen
that has low infectious dose and causes serious illness in humans
including with bloody diarrhea and hemolytic uremic syndrome
and even death. Enterohemorrhagic E. coli (EHEC) cause more than
63,000 illnesses, 2100 hospitalizations and 20 deaths each year in
the United States. Of which, E. coli O157:H7 is the main EHEC
serotype that causes the majority of EHEC human infections. E. coli
O157:H7 is involved in a variety of foodborne outbreaks associated
with ground beef, fresh produce, rice cakes, dairy products and
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ited States.
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others (Marder et al., 2014; Nabae et al., 2013; Jacob et al., 2013;
McCollum et al., 2012; Scallan et al., 2011; Wendel et al., 2009;
Riley et al., 1983). At present, USDA has a zero tolerance policy to
control E. coli O157:H7 contamination in ground beef. Additionally,
along with Salmonella spp. and Listeria monocytogenes, (FDA, 2015,
CDC, 2012b, CDC, 2012a), E. coli O157:H7 foodborne outbreak has
been an emerging issue for fresh produce, as reflected in nation-
wide E. coli O157:H7 spinach outbreaks sickened more than 200
people and killed 3 people (CDC, 2006). In response to low in-
fectious dose and devastating consequences of fresh produce
outbreak, the FDA Food Safety Modernization Act targets the
safety of fresh and minimally processed foods. Hence, developing a
rapid, sensitive, and accurate method to detect E. coli O157:H7 in
various foods with complex matrix and extreme pH is crucial in
preventing disastrous E. coli O157:H7 outbreaks and associated
human infection. The expanding requirements for reliable diag-
nostic techniques of infectious agents (Kirsch et al., 2013; Kiilerich-

www.sciencedirect.com/science/journal/09565663
www.elsevier.com/locate/bios
http://dx.doi.org/10.1016/j.bios.2015.10.017
http://dx.doi.org/10.1016/j.bios.2015.10.017
http://dx.doi.org/10.1016/j.bios.2015.10.017
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bios.2015.10.017&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bios.2015.10.017&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bios.2015.10.017&domain=pdf
mailto:meijun.zhu@wsu.edu
mailto:yuehe.lin@wsu.edu
http://dx.doi.org/10.1016/j.bios.2015.10.017


T. Jiang et al. / Biosensors and Bioelectronics 77 (2016) 687–694688
Pedersen et al., 2011; Miranda et al., 2011; Vikesland and Wig-
ginton, 2010; Dover et al., 2009; Sampath et al., 2007) in food have
attracted intensive attentions to develop varieties of diagnostic
strategies, such as cell phone based diagnostics (Khan et al., 2013),
new kind of fluorescence signal amplification reporters (Chi et al.,
2012; Mannoor et al., 2012; Huang et al., 2011; Li et al., 2010; Zou
et al., 2010) and various kinds of nanomaterials based biosensors
(Sun et al., 2015; Eksi et al., 2015; Yazgan et al., 2014; Li et al., 2014;
Liu et al., 2014). As one of the most promising assays for point of
care diagnostic, immunochromatographic assay (ICA) is widely
used at individual pregnancy diagnosis. The principle of ICA is a
sandwich immunoreaction. After the sample was added to the
membrane, it started to react with captured antibody (Ab1) to
form complex, which began to pass along the nitrocellulose
membrane by capillary action until reaching the detection anti-
body (Ab2) in the test zone to achieve the sandwich im-
munoreaction. ICA outweighs the most common assays, such as
bacterial culture (Sack and Sack, 1975), PCR (Cebula et al., 1995),
loopmediated amplification (LAMP) (Kinoshita et al., 2015; Wang
et al., 2014, 2012b) and ELISA (Liu et al., 2008), because of its low
cost, easy operation, rapid, quantitative detection and accuracy
(Zhang et al., 2014b; Liu et al., 2014, 2007; Du et al., 2012; Peng
et al., 2007).

Colloidal golds served as labels to develop ICA has been applied
for the detection of branches of analysts because of its high level of
photo brightness, promising chemical stability and strong bio-
compatibility (Mao et al., 2008; Nagatani et al., 2006); whereas the
detection limit of most reported ones cannot detect low levels of
foodborne pathogens or infectious agents (Zhang et al., 2015; Xie
et al., 2014a; Karakus and Salih, 2013; Shen et al., 2011; Qi et al.,
2011; Chiao et al., 2004; Shyu et al., 2002). Thus, great efforts have
been made to improve the sensitivity of ICA using different labels
(Zhu et al., 2015c, 2015b; Chen et al., 2014; Ge et al., 2014; Zhang
et al., 2013; Liu et al., 2012, 2011; Lin et al., 2008). ICA utilizing
nanomaterials such as quantum dots (Roda et al., 2012), bio-
conjugated nanoparticles (NPs) probe (Kalele et al., 2006; Zhao
et al., 2004), colored latex particles and up-converting phosphors
(Shan et al., 2015; Zhang et al., 2014a, Corstjens et al., 2014, Imai
et al., 1993), exhibits higher detection sensitivity and broader re-
sponse range than colloidal gold based conventional ICA. However,
the increased sensitivity brings out several drawbacks. Their che-
mical instability, expensive instruments requirements and long
handling time limit them from facilitating quantitative analysis in
food industry at real time (Xu et al., 2010; Resch-Genger et al.,
2008; Ulrich et al., 2008; Wang et al., 2005). Also, the industrial
authority usually regards rapid bacterial detection as a method
which can be done within fifty minutes. Therefore, it is extremely
critical to establish a low cost, rapid and ultrasensitive method
with systematic signal amplification protocol for visually pathogen
detection.

With the high surface area, diversified composition and ex-
cellent electron conductivity, the porous bimetallic NPs have
provided excellent catalytic performance and have been addressed
as promising nanomaterial in decades in biomedical research (Zhu
et al., 2015a; Wang et al., 2012a; Lehoux et al., 2012; Guo and
Wang, 2011; Xu et al., 2009). For instance, the Pt or Au based bi-
metallic NPs have been broadly utilized in biomedical field be-
cause of strong catalytic activity and unique biocompatibility (Ma
et al., 2011; Xiao et al., 2009; Zeng et al., 2006). Specifically, Pt
based NPs is the most research-attractive material because of its
wide application in catalysis, sensing, biomedical diagnosis and
therapy, etc. (Hu et al., 2014; Maiyalagan et al., 2012). Additionally,
porous bimetal NPs usually exhibit better thermo-stability than
enzymes, which require appropriate condition to keep their three
dimension structures for their functionality. Hence, these specific
characters offer great potential in developing ICA to detect
foodborne pathogen in food and food processing environments,
which usually have a very complicated matrix and acidity, capable
of inhibiting enzymatic reaction.

Herein, we report a novel Pt–Au NPs based ICA for easy-op-
eration and rapid detection of E. coli O157:H7 with high sensitivity
resulting from the amplification of peroxidase activity of Pt–Au
NPs. 3,3′,5,5′-Tetramethylbenzidine (TMB), a chromogenic reagent,
served as a good signal amplifier because it could be catalyzed by
Pt–Au NPs producing blue color products, which provides higher
visible sensitivity than other classic substrates (He et al., 2011).
Under the optimal condition, the detection limit of new device is
102 cells mL�1, which was about 1/1000 of the recent conven-
tional colloidal based ICA (105 cells mL�1, Wang et al., 2006). Ex-
perimental results demonstrated that the Pt–Au based ICA pro-
vides a reliable, rapid, sensitive strategy for visual detection of
pathogen. Pt–Au based ICA has a great potential for point of care
application in clinical diagnostics and food industry.
2. Experimental section

2.1. Materials and chemistry

E. coli O157:H7 EDL933 was obtained from the STEC center at
Michigan State University. The strain was stored in Luria Broth (LB,
Fisher Scientific, Pittsburgh, PA) medium containing 15% glycerol
at �80 °C, and was activated in LB broth at 37 °C overnight with
aeration.

Horseradish peroxidase (HRP), 3,3′,5,5′-Tetramethylbenzidine
(TMB), TMB Liquid Substrate System for ELISA which contains
concentration of H2O2, Pluronic F127, K2PtCl4 (Pt, 44.99%), HAuCl4
(Au, 49.98%), commercial Pt carbon nanopowder, hydrochloric acid
(HCl, 39%), polyvinylpyrrolidone (PVP), sodium hydroxide (NaOH)
and ascorbic acid were purchased from Sigma-Aldrich. Fetal bo-
vine serum (FBS) and bovine serum albumin (BSA) were purchased
from ATCC. Mouse anti-E. coli O157:H7 polyclonal antibody (Ab1),
mouse anti-E. coli O157:H7 monoclonal antibody (Ab2) were pur-
chased from Kirkegaard & Perry Laboratories Inc (Baltimore, MD).
Nitrocellulose membrane, fiber sample pad, fiber conjugate pad,
laminated cards, and absorbent pad were used by provided. Ul-
trapure water from Millipore Milli-Q water purification system
was used for experiments. The phosphate buffered saline (PBS)
containing Na2HPO4 and NaH2PO4 was prepared using de-ionized
water (18.2 MΩ cm), and the pH was adjusted with NaOH and
H3PO4. All the reagents are analytical standard and used without
further purification.

2.2. E. coli O157:H7 sample preparation

Overnight E. coli O157:H7 cultures were washed with 1�PBS,
pH 7.0 and re-suspended in 1�PBS. Portion of washed E. coli
O157:H7 suspension was serial diluted and proper dilutions were
plated on LB agar plates for cell enumeration. The remaining E. coli
O157:H7 suspension was heated in 95 °C water bath for 30 min,
then formalin was added to a final concentration of 0.5% (v/v).
Mortalized E. coli O157:H7 were used for safety reasons and to
ensure a static (non-proliferating) sample population for quanti-
tative purposes.

2.3. Preparation of porous Pt–Au NPs

Pt–Au NPs was synthesized as previously described (Ataee‐
Esfahani et al., 2013) with slight modifications. Pluronic F127
(10 mg) was ultrasonically dissolved into 1.0 mL of aqueous solu-
tion containing K2PtCl4 (20 mM), HAuCl4 (20 mM) and HCl (6 M).
After adding 1.0 mL of ascorbic acid (100 mM), the reducing agent,



Scheme 1. Schematic illustration of ICA platform detection of E. coli O157:H7 (a–d).
(a) Typical assembly of ICA. The ICA system consists of sample pad, conjugated pad,
adsorption pad and nitrocellulose membrane. All components are bound together
layer-by-layer. (b). The anti-E. coli O157:H7 Ab1 was covalent bounded with Pt–Au
NPs and then modified onto the conjugated pad. E. coli O157:H7 is applied to the
sample pad. (c) E. coli O157:H7 combines with Pt–Au–anti-E. coli O157:H7 Ab1
conjugates and migrates along the porous membrane by capillary action. (d) The
formed complexes continue to migrate along the membrane and are captured by
the monoclonal antibodies (Ab2) to form Pt–Au–Ab1-E. coli- Ab2 complexes on the
test line. As the liquid sample continues migrating, the excess complexes are mi-
grated toward the absorption pad. Signal was amplified by adding TMB at test line.
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the mixture was continuously sonicated in a water bath for 0.5 h,
and then reacted with a magnetic stirrer for 24 h at 30 °C. The final
product was collected and washed with acetone and water in
consecutive washing/centrifugation cycles five times and then
dried at room condition.

2.4. Preparation of Pt–Au-capture antibody (Ab1)

The pH of the Pt–Au NPs solution was optimized by adding
0.02 M K2CO3 before the capture antibody was added. Desired
weight of capture antibody was mixed with desired amount of Pt–
Au NPs, followed by gentle shaking for 1 h at room temperature.
Then, 10 wt% BSA was added to a final concentration of 1% BSA,
and the mixture was incubated for 30 min. The mixture was
further washed with PBS with 1% BSA and centrifuged at
8000 rpm for 10 min. The prepared Pt–Au-capture antibody con-
jugates were collected and suspended in eluent buffer (pH 7.4,
containing 10 mM PBS, 0.25% Tween-20, 10% sucrose, and 5% BSA).
The total volume of solution after dissolving equals one tenth of
the volume of the pervious solution of Pt–Au-capture antibody
conjugates.

2.5. Preparation of assay

Scheme 1 illustrates the test strip components schematically.
The sample pad was pretreated with blocking buffer containing
10 mM PBS, 0.1% (w/v) Tween-20, and 1% (wt/v) PVP, pH 7.4. Pt–
Au–antibody conjugates were dispensed onto the conjugated pad.
Desired volume of mouse monoclonal anti- E. coli O157:H7 anti-
body solution (0.8 mg mL�1, Ab2) was dispensed on the reaction
membrane to form the test zone, and then was pretreated with
blocking buffer. All the parts mentioned have to be dried 2 h at
37 °C before assembled on a plastic adhesive backing card, which
was cut into 4 mm strips and stored at room condition.

2.6. Assay procedure

50 μL of the analyte (E. coli O157:H7) was dropped onto the
sample pad and diffused through the reaction membrane driven
by the capillary force, which enabled the reaction with Ab1-la-
beled Pt–Au NPs to form complex at conjugation pad. The yielding
complex then passed along the nitrocellulose membrane by ca-
pillary action until reaching the Ab2 in the test line to achieve the
sandwich immunoreaction. After adding TMB, the final signal in-
tensity on test line was observed and quantified using a test strip
reader after the immunoreaction finishing.

2.7. Instruments and characterization

The transmission electron microscopy (TEM) was conducted
with Philips CM200UT. The scan electron microscopy (SEM) was
conducted using FEI Quanta 200F. The Energy Dispersive X-ray
Spectrameter (EDX) was obtained with FEI Quanta 200F. X-ray
photoelectron spectroscopy (XPS) measurements were recorded
on a Kratos AXIS-165 multi-technique electron spectrometer sys-
tem with a base pressure of 1�10�9 Torr. XPS were obtained on
an AXIS-165 manufactured by Kratos Analytical Inc. (Spring Valley,
NY, USA) using a monochromatic X-ray radiation of 1487 eV (Al
Ka). The spectrometer was calibrated against both the Au 4f7/2
peak at 84.0 eV and the Ag 3d5/2 peak at 368.3 eV. Static charging
when present was corrected with a neutralizer (flood gun) by
placing the carbon peak (C 1s) at about 285 eV. A portable fluor-
escence strip reader ESE-Quant GOLD was purchased from DCN
Inc. (Irvine, CA).
3. Result and discussion

3.1. Characteristics of Pt–Au porous nanocolloids

Metal precursors can be reduced simultaneously by a strong
reducing agent in liquid phase to form faceted crystal morphology,
which is one practicable way to synthesize metallic alloy nanos-
tructures. Additionally, self-assembly of surfactants into spherical
micelles can employ faceted crystal as templates to synthesize
porous metal NPs. The resulting bimetallic porous Pt–Au nano-
colloids provide high surface area with abundant activity sites on
the concave surface.

SEM and TEM were performed to characterize the morphology
of Pt–Au porous NPs. The average size of NPs is around 50 nm.



Fig. 1. Electronic microscopic images of Pt–Au porous NPs. (a) TEM; (b) zoom in image of a; (c) SEM; (d) zoom in image for c.
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There is a uniform porous structure formed as hemispherical with
concavities on the surface of NPs by TEM (Fig. 1a–b). This porous
structure was further confirmed by SEM (Fig. 1c–d). The pores are
made of fine Pt NPs that form several branched structure on the
surface. The Pt NPs had an average diameter of 5 nm and were
distributed evenly on the surface of Au NPs.

Furthermore, the formation of NPs was characterized by EDX
spectroscopy (Fig. S1a). The corresponding EDX analysis confirmed
peaks of presence of elemental Pt and Au in the porous NPs with
an atomic Pt:Au ratio of 85.7:9.3, which was close to the stoi-
chiometric ratio of the two metal precursors (9:1). The surface
properties were further analyzed by XPS; and the results showing
the binding energy of Pt 4f and Au 4f (71.2 eV and 83.3 eV re-
spectively) are consistent with the metallic Pt–Au bimetallic na-
nostructure and agreed with the result from EDX (Fig. S1b–c).

3.2. Colorimetric analyses of peroxidase-like catalytic activities of
Pt–Au NPs

The peroxidase-like catalytic activities of Pt–Au NPs was stu-
died by colorimetric tests using TMB–H2O2 substrate. In the pre-
sence of H2O2, Pt–Au NPs could catalyze H2O2-induced TMB oxi-
dation, resulting in a deep blue color solution within 10 min
(Fig. 2a). These results indicated that Pt–Au NPs behave as per-
oxidase toward TMB oxidation with H2O2. The relative reaction is
described in Fig. 2b, in which H2O2 served as electron accepters.

The relationship between the peroxidase-like activity of Pt–Au
NPs and H2O2 concentrations was further studied (Fig. 2c). The
reaction rate strongly depended on the H2O2 concentrations while
it increased linearly (red line) at low concentration range (0.5–
20 mM). This could provide a potential detection method for H2O2

related detection. The inset of Fig. 2c is the absorbance evolution
for different concentrations of H2O2 over time. When increasing
the H2O2 concentration, the color intensity increased and reached
the maximum value at 200 mM.

The peroxidase-like activity of Pt–Au NPs in different con-
centration ranges was investigated with TMB substrate and H2O2,
in comparison with commercial Pt nanopowder. The color in-
tensity of the reaction product depends on the Pt–Au NPs con-
centration ranging from 0.5 to 20 μg mL�1, which is more sensi-
tive than that of Pt nanopowder (Fig. S2a). As shown in Fig. S2b,
when the NPs concentration increased from 0 to 20 mg mL�1, the
TMB–H2O2 assay of Pt–Au NPs achieves higher sensitivity com-
pared to Pt nanopowder. Pt–Au NPs could oxidize more TMB than
Pt nanopowder under the same concentration of NPs. These re-
sults supported the hypothesis that Pt–Au NPs have stronger
peroxidase-like activity than others. The data suggest that the Pt–
Au NPs presented a good affinity for H2O2. Therefore, the Pt–Au
NPs exhibit good catalysis performances, while they could have
potential to circumvent intrinsic disadvantages of natural enzyme.
Furthermore, the unique surface structure of Pt–Au NPs could
significantly improve the surface area and better distribute Pt NPs,
which may in turn facilitate greatly improvement of peroxidase-
like catalysis activity of Pt–Au NPs.

The thermal and pH stability of Pt–Au NPs were further studied
and compared with HRP. Pt–Au NPs exhibited a stable enzymatic
catalytic activity toward H2O2 in the temperature range from 5 to
90 °C, whereas the enzymatic activity of HRP drastically decreased
over 40 °C due to the denaturalization of the enzyme under high
temperature (Fig. S3a). Furthermore, Pt–Au NPs exhibited
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Fig. 2. (a) Color evolution of TMB oxidation in the presence of H2O2 in a pH 4.4 PBS
buffer. (b) Corresponding reaction mechanisms for H2O2 reduction with TMB.
(c) Effects of H2O2 concentration on the reaction rate of TMB oxidation catalyzed by
Pt–Au NPs. The straight line is a linear regression between 0 and 50 mM H2O2. The
inset is the absorbance evolution at 650 nm over time at various H2O2

concentrations.
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invariable activity in the solution with the pH range from 2 to 12;
whereas the activity of HRP was significantly inhibited when the
pH was lower than 7.0 and totally denaturized when pH dropped
to 2 (Fig. S3b). Therefore, the demonstrated strong thermal and pH
stability of Pt–Au NPs encourages varieties of biological and food
applications which have complex matrix and variable pH and re-
quire strong and sensitive labels to serve as ultrasensitive reporter.

3.3. Principal of Pt–Au NPs as colored substrates in ICA

Scheme 1 exhibits the schematically configuration and eva-
luation principle of the Pt–Au based ICA system. Capillary force
draws the sample solution onto the dipped ICA. The effort of signal
amplification was tested by recording different stages of the re-
action of Pt–Au NPs and TMB, shown in Fig. 3. The Pt–Au labeled
anti-E. coli O157:H7 Ab1 binds with E. coli O157:H7 forming E. coli-
Pt–Au–Ab1 complex, and then releases from conjugate area to
move through the nitrocellulose membrane until reaches the test
zone. Clearly, the color intensity of the test line is proportional to
the amount of accumulated Pt–Au NPs in the test zone associating
with the E. coli O157:H7. The visibility of the dark color test line
depends on the concentration of E. coli O157:H7 practically. With
high concentration of E. coli O157:H7 sample (106–108 cells mL�1),
a visible line can be observed; with low concentration, the line
could be fuzzy or almost invisible (Fig. 3a). In order to achieve
ultrasensitive visual detection, TMB, a chromogenic reagent was
used for this purpose. Since TMB can react with Pt–Au NPs re-
sulting in products with blue color, it greatly amplified signal. As
shown in Fig. 3b, the clear visible blue lines are shown up even at
low concentration range of analyses (102–105 cells mL�1) when
signal-amplification is used. The optical density profiles of both
with TMB and without TMB under different concentrations of
analyses are shown in Fig. 3c. The ICA with TMB has shown
stronger optical intensity and lower detection range than the one
without TMB. The results indicate that Pt–Au nanocolloids main-
tain extreme strong peroxidase activity on ICA and achieve greatly
enhanced signal with addition of TMB.

3.4. Pt–Au label based ICA

To examine the signal amplification performance of Pt–Au NPs,
the responses of E. coli O157:H7 sample in different concentrations
(102–108 cells mL�1) on Pt–Au based ICA assays were obtained and
compared with colloidal gold based ICA (Fig. S4). When E. coli
O157:H7 was not provided in the sample, neither kind of ICA can
present any responses in the test zone. There is no colored line
shown for colloidal gold based ICA in the case of 105 cells mL�1 E.
coli O157:H7 (Fig. S4a), whereas there is a strongly visible blue line
in Pt–Au based ICA with TMB (Fig. S4b). There are commercially
available test kits such as MaxSignal, RapidChek, Gen-Probe,
IQuum, and Watersafe. However, the detection limit ranges from
105 to 107 cells mL�1 without an enrichment step and is
�105 cells mL�1 for live E. coli O157:H7 (Wang et al., 2006). The
detection limit of Pt–Au based ICA was significantly lower than
that of colloidal gold based ICA. Visible blue lines were observed at
102 cells mL�1 of E. coli O157:H7 after adding TMB solution as the
signal amplifier (Fig. 4b), the intensity enhanced progressively
with increasing amount of E. coli O157:H7; whereas the colloidal
gold based ICA did not show visible signal until E. coli O157:H7
concentration reached to 106 cells mL�1 (Fig. S4a). The dramatic
improvement of detection limit (102 cells mL�1) for the Pt–Au
based ICA is due to its high surface to volume ratio and excellent
catalytic activity. In addition, Pt–Au NPs was very high the per-
oxidase activity, the visual detection can be achieved within a
1 min.

Under optimal experimental conditions, portable test strip
reader was used to detect the signal of the Pt–Au based ICA. Fig. 4a
and b exhibited the typical photo images and the corresponding
optical response recorded by the portable strip reader under dif-
ferent concentrations of E. coli O157:H7. No visual test line was
observed on the test zone of ICA in the negative control, which
revealed a negligible nonspecific adsorption under the optimal
experimental conditions. The remarkable blue test lines were seen
even at 102 cells mL�1, indicating the developed ICA device could
serve as a simple visual yes/no determination of E. coli O157:H7
without expensive equipment. The peak of intensity or the dark-
ness of the test lines enhanced with the increasing concentration
of E. coli O157:H7 (Fig. 4a). Furthermore, the peak intensity in-
creased with the increasing concentration of E. coli O157:H7. The
concentration–peak intensity relationship can be fitted with a log-
linear model analysis as shown in the inset of Fig. 4b. By em-
ploying the approach of test strips reader, the proposed sensing
platform will be estimated as a quantifiable and sensitive strategy
for detection of E. coli O157:H7. Compared with the conventional
colloid gold based E. coli O157:H7 ICA, which has a detection limit
of 106 cells mL�1, the proposed Pt–Au ICA has a lower naked eye
detection limit (102 cells mL�1), a broader detection range, rapid



Fig. 3. The photo-images of reaction processes for the Pt–Au based ICA corresponding to different E. coli O157:H7 concentrations (from right to left: 108 cells mL�1,
107 cells mL�1, 106 cells mL�1, 105 cells mL�1, 104 cells mL�1, 103 cells mL�1, 102 cells mL�1 and control). (a) Without TMB: test line was observed only at high concentration
range. (b) With TMB: color test lines occurred 5 min after adding TMB even under low E. coli O157:H7 concentrations and the test zone turned into blue due to extreme high
peroxidase activity. (c) Typical intensity response curves using strip reader corresponding to different E. coli O157:H7 concentrations without or with TMB addition.
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respectively. (b) Typical intensity response curves using strip reader corresponding
to different E. coli O157:H7 concentrations after adding TMB. Inset: The relationship
between the concentration of E. coli O157:H7 and the test line intensity. Each point
represents the average data value obtained from five independent tests.

Table 1
The comparison of ICA used for detection of E. coli O157:H7.

Detection limit
(cells mL�1)

Refs

Carboxyl-fluorescent microsphere 104 (Xie et al.,
2014b)

Flower-like Au NPs 105 (Zhang et al.,
2015)

Magnetic NPs 105 (Qi et al., 2011)
Colloidal Au NPs 105 (Jung et al.,

2005)
Superparamagnetic NPs 104 (Shi et al., 2015)
Pt–Au NPs 102 This work
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detective ability, which can visualize the signal without expensive
instruments (Table 1).

3.5. Characterization and optimization of the immunoreaction

The signal to noise ratio (S/N) of ICA, which represents the
immunoreaction efficiency and detection sensitivity, is affected by
several perspectives: the concentration of Pt–Au NPs conjugated
on antibody, the concentration of antibody associating with Pt–Au
NPs, the pH of the detection condition, and the reaction time. In
addition, the economic cost also influences the selection of opti-
mal condition.

The S/N ratio increased up to 20 mg mL�1 of Pt–Au NPs con-
jugated on antibody because of the increasing Pt–Au NPs captured
by those antibodies (Fig. S5a). After that, the S/N ratio decreased
again due to the increasing residual NPs attributing to the in-
creasing background noise (Fig. S5a). Hence, 20 mg mL�1 of Pt–Au
NPs was adopted for all the following experiments.

Up to 13 mg mL�1 antibody, the S/N ratio increased as the
concentration of antibody increased (Fig. S5b). The increasing
antibody enhanced the immunoreaction efficiency contributing to
the stronger signal. As 13 mg mL�1 antibody did not improve the
performance significantly comparing with 10 mg mL�1 (data not
shown), we chose 10 mg mL�1 to prepare the Pt–Au based Ab1.

As most NPs-antibody requires a specific pH range for optimal
response, the highest S/N ratio was obtained with pH 9–10, so this
pH range was adopted as the optimal condition (Fig. S5c).

The S/N ratio also changes along with the reaction. The highest
ratio was obtained after we added TMB for 10–20 min (Fig. S5d).
At the beginning, the signal enhanced as times went on because of
the increasing oxidation products. Then, the signal intensity flat-
tened, which might be due to the completion of oxidative reaction
and also the diffusion blurring signal. To balance, we waited for
10–20 min after adding TMB for all the experiments.
4. Conclusion

We reported a low-cost and sensitive detection method of E.
coli O157:H7 using signal amplification strategy. The amplification
principle is based on the peroxidase-like activity of bimetal NPs
toward TMB solution. The measurements were performed by
analyzing the color intensity with naked eyes and a portable strips
reader. This approach relies on using bimetal NPs as label for re-
porting antibody. This new technology is a major breakthrough for
real-time, sensitive, rapid, qualitative and even quantitative de-
tection of variety of foodborne pathogen or biomarkers in diag-
nostics. It also has broad impacts on the health diagnostics in
developing countries because of the low-cost and easy operation.
Notes
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