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Abstract

A highly sensitive electrochemical sandwich immunoassay is described for determination of Escherichia coli O157:H7 (E. coli
0157:H7). Silica coated magnetite nanoparticles (Fe;O4) were modified with primary antibody to capture E. coli O157:H7.
Gold-platinum core/shell nanoparticles (Au@Pt NPs) with different Pt shell thicknesses were prepared via changing the molar
ratio of H,PtClg to HAuCly in the precursor solution. The optimized Au@Pt NPs exhibit enhanced activity in the electrocatalytic
reduction of hydrogen peroxide (H,0,). The Au@Pt NPs were modified with graphene that was functionalized with Neutral Red,
and then used as an electrochemical label for secondary antibodies and horseradish peroxidase (HRP). The sandwich
immunocomplexes were magnetically absorbed on a 4-channel screen printed carbon electrode. Due to the catalysis of the
Au@Pt NPs and HRP, the signal is strongly amplified in the presence of H;O, when using thionine as the electron mediator.
Under optimal conditions, the immunoassay has a linear response in the 4.0 x 10% to 4.0 x 10® CFU-mL ™" concentration range,
with a limit of detection of 91 CFU-mL ™ (at an S/N ratio of 3).

Keywords Bimetallic nanoparticles - Screen printed carbon electrode - Horseradish peroxidase - Hydrogen peroxide -
Gold-platinum core/shell nanoparticles - Reduced graphene oxide - Signal amplification - Bacteria - Nanomaterial - Food safety

Introduction linked to hemolytic uremic syndrome (HUS) in young and
immuno-compromised individuals [1]. It has emerged as an
enteric and highly infective food and water borne pathogen
posing a tremendous challenge to public health [2]. As a re-
sult, it is important to develop methods for sensitive, reliable,

and rapid detection of E. coli O157:H7. Compared with the

Escherichia coli O157:H7 (E. coli O157:H7), a gram-negative
rod-shaped bacterium, is reported as the one of the causes
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other methods such as standard plate count [3], enzyme linked
immunosorbent assay (ELISA) [4, 5] and hybridization assays
[6-8], electrochemical immunoassays have attracted consid-
erable attention in immunochemical field. Electrochemical
immunoassays has intrinsic advantages such as rapid re-
sponse, simple instrumentation and high specificity [9-11].
As early quality evaluation of daily food, it requires highly
sensitive electrochemical immunoassay to accurately deter-
mine E. coli O157:H7 at low levels. Therefore, signal ampli-
fication is crucial for obtaining low detection limit and high
sensitivity in electrochemical immunoassay.

With the development of nanoscience and nanotechnology,
a variety of nanomaterials have enabled significant improve-
ment in the analytical performance of electrochemical
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immunoassays [12]. Such as reduced graphene oxide (rGO),
Fe;0,4 magnetic nanoparticles (MNPs) and bimetallic nano-
particles. rGO has attracted much attention in electrochemical
immunoassay for its unique electronic properties, large specif-
ic surface area, and excellent mechanical properties [13, 14].
But it is easily forms irreversible agglomerate in water. As a
consequence, it is necessary to adopt appropriate measures to
improve the performance of rGO before it is applied in the
immunoassays. MNPs, possess an excellent super-
paramagnetic property and can be readily separated from re-
action mixtures with an external magnet. After they are coated
with silica (denoted as Fe;04@Si0,), it is ideal for them to be
applied in bioanalysis. After introducing functional groups
such as amine and carboxyl [15], Fe;0,@Si0, are also easy
to modify with biomolecule. Bimetallic nanoparticles com-
posed of two different metal elements have also received
widespread attention especially in the field of electrochemical
immunoassays. They often show improved catalytic perfor-
mance than their monometallic counterparts due to the syner-
gistic effect and the electronic effect [16]. Among all these
bimetal nanoparticles, Au-Pt bimetallic nanoparticles with in-
trinsic peroxidase-like activity have been widely used in elec-
trochemical immunoassay [17]. The nanoscale gold reduces
binding energy between Pt and O through increasing the or-
bital overlap between neighboring atoms, down-shifting the d-
band center, by which oxygen reduction reaction kinetic is
enhanced [16].

Au@Pt core/shell nanoparticles are among the most
common types of bimetallic nanoparticles. They have been
widely applied in electrochemical immunoassays for their
good biocompatibility and excellent catalytic capabilities for
the reduction of hydrogen peroxide (H,O,) [18]. Lei and his
colleagues presented a sensitive electrochemical immunoas-
say for the detection of alpha fetoprotein (AFP) by using
graphene loaded bimetallic Au@Pt nanodendrites as signal
tag [19]. Li’s group developed a ultrasensitive electrochemical
immunoassays for quantitative detection of squamous cell
carcinoma antigen (SCCA) by using Co30,@CeO,-Au@Pt
nanocomposite as enzyme-mimetic labels [20]. However, on
one hand, due to its limited nature reserve and high cost, the
usage of Pt in electrochemical immunoassay has to be reduced
before this technology can be commercialized. On the other
hand, there is a reciprocal relationship between the Pt shell
thicknesses of Au@Pt core/shell nanoparticle and catalytic
activity [21]. If the thickness of Pt shell is appropriate, the
catalytic activity will reach a higher level. When it is applied
in electrochemical immunoassay, high catalytic activity will
increase the sensitivity of the method. Therefore, in order to
improve utilization efficiency of the Pt and increase the
sensitivity of the electrochemical immunoassay, tailored
core/shell nanoparticles with an ideal Pt shell thickness is
necessary. In addition, the thickness of the Pt shell on the
surface of Au@Pt core/shell nanoparticles can be easily
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controlled via changing the molar ratio of H,PtClg to
HAuCl, [22]. And to the best of our knowledge, there is no
report focusing on optimizing the thickness of Pt shell when
Au@Pt core/shell nanoparticles acted as label in electrochem-
ical immunoassay.

In this work, we describe a novel sandwich-type electro-
chemical immunoassay for E.coli O157: H7 by using highly
active electrocatalyst Au@Pt core/shell nanoparticles func-
tionalized graphene nanocomposites and MNPs. On one hand,
Fe;0,@Si0, were modified with primary antibody (Ab;)
acted as capture probe (denoted as Fe;0,@SiO,-Ab;). On
the other hand, the Au@Pt core/shell nanoparticles achieved
the highest catalytic effect through changing the molar ratios
of Au to Pt. And the neutral red (NR) functionalized rGO
(rGO-NR) possessed high surface area and strong chemical
stability. It provided the ideal support for the homogeneous
dispersion of Au@Pt nanoparticles (denote as rGO-NR-
Au@Pt). The rGO-NR-Au@Pt nanocomposite were used to
connect the secondary antibody (Ab,) and horseradish perox-
ides (HRP) by the stable Au-N and Pt-N bond (denoted as
rGO-NR-Au@Pt-Ab,-HRP) [23]. Here, HRP not only served
as an electrocatalytic reagent to increase the sensitivity of the
method, but also blocked nonspecific sites as bovine serum
albumin (BSA) did [24]. Once the E.coli O157: H7 existed,
the “sandwich structure” was formed by the specific interac-
tions between antigen and antibody. The sandwich
immunocomplexes (denoted as Fe;0,@Si0,-Ab/E. coli
0157:H7+rGO-NR-Au@Pt-Ab,-HRP) were attached on the
surface of the working electrodes of 4 channel screen printed
carbon electrode (4-SPCE) by an external magnet. Here, 4-
SPCE was used to shorten the detection time and improve the
reproducibility. Cyclic Voltammetry (CV) was employed to
quantify E. coli O157:H7 via changes of the reduction peak
current in the substrate solution of H,O, with the thionine as
electron mediator. Details of the preparation, characterization
and possible application of the immunoassay are discussed as
follows.

Experimental

Preparation of Au@Pt core/shell nanoparticles
with different Pt shell thickness

The reagents, apparatus are provided in Electronic
Supplementary Material. The Au@Pt core/shell nanoparticles
were prepared according to the reference [22, 25]. In a typical
synthesis of core/shell nanoparticles (Pt/Au molar ratio = 2.0),
1 wt% HAuCl; (0.5 mL) was added to 50 mL of double
distilled water and the solution was heated to boil with stirring.
Then 1 wt% sodium citrate (0.5 mL) was quickly introduced
to the above solution. After heating for 15 min, the deep red
solution appeared, indicating the formation of gold
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nanoparticles. Then, 1.0 mL of 0.1 M ascorbic acid (excess)
was subsequently added to the above deep red boiling solu-
tion, followed by adding 1.25 mL of 1 wt% H,PtCls. After
20 min of heating, the black solution were obtained, which
demonstrated that the Au@Pt core/shell nanoparticles were
generated (See Scheme 1a).

For the preparation of the Au@Pt core/shell nanoparticles
with different Pt shell thicknesses, Pt/Au molar ratios in the
starting solution were varied from 0.0 to 4.0 (0:1, 1:2, 1:1, 2:1,
3:1, 4:1). The added amount of HAuCl, was fixed to 0.5 mL,
while the added amount of H,PtClg was changed from 0.0 mL
to 2.5 mL (0 mL, 0.3125 mL, 0.625 mL, 1.25 mL, 1.875 mL,
and 2.5 mL). And all the other experiment conditions
remained the same.

Preparation of rGO-NR-Au@Pt-Ab,-HRP

The preparation of GO, rGO-NR and rGO-NR-Au@Pt are
shown in Electronic Supplementary Material. 2 mL rGO-
NR-Au@Pt dispersion was mixed with 2 mL PB, then
100 uL Ab, (80 ugmL*]) was added dropwise into it and

Scheme 1 Preparation of Au@Pt a
core/shell nanoparticles with dif-

ferent Pt shell thickness (a), rGO-

NR (b), tGO-NR-Au@Pt-Ab,-
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oscillated at 4 °C for 3 h. Next, 500 uL. HRP with a concen-
tration of 5 mg'mL ™' was injected into the dispersion above
and kept it for 2 h. Then, the solution was put in the refriger-
ator for 12 h. Finally, the dispersion was centrifuged and
rinsed with PBS (pH =7.4) to remove the unbound Ab, and
HRP. Finally, the sediment was re-dispersed in 1 mL of PBS
(pH =7.4) and stored at 4 °C for future use (See Scheme 1b
and ¢).

Preparation of Fe;0,@Si0,-Ab,

The synthesis of MNPs and Fe;0,4@SiO, magnetic nanopar-
ticles are provided in Electronic Supplementary Material.
250 puL Fe;04@Si0, were ultrasonically resuspended in the
mixed solution of 10 mL ethanol and 40 uL 3-aminopropyltri-
ethoxysilane (APTES). And then the mixed solution was
stirred overnight at room temperature so as to complete the
silanized reaction. After reaction, the mixture was isolated by
a magnet and washed several times with ethanol and PBS,
respectively. Then, the amino-modified silica-coated Fe;Oy,
(Fe;0,@8Si0,-NH,) was used to conjugate the antibody.
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N-(3-Dimethylaminopropyl)-N'-ethylcarbodiimide hydro-
chloride (EDC) and N-Hydroxysuccinimide (NHS) were used
to activate the carboxyl of the antibody [26]. Briefly, 48.0 mg
EDC and 60.0 mg NHS was dispersed in 1.2 mL PBS
(pH 7.4), which was put in a centrifuge tube. Then 100 uL
Ab; (145 ug-mL_l) was added into the solution. After incu-
bation at 4 °C overnight, 200 uL Fe;0,@SiO,-NH, was dis-
persed into the centrifuge tube. In order to improve the effi-
ciency of the reaction, the centrifuge tube was placed in a
shaking table for 4 h at room temperature. Finally,
Fe;0,@8Si0,-Ab; was collected with the help of a magnet
and washed three times with PBS (pH 7.4). The prepared
resultant Fe;0,@Si0,-Ab; were dispersed in 200 puL of
PBS and stored at 4 °C for further use.

Fabrication of the immunoassay

The preparation of bacterial antigen are shown in Electronic
Supplementary Material. 1.0 mL of E. coli O157:H7 sample
with different concentration was dropped in a centrifuge tube.
Subsequently, 25 puL Fe;04,@SiO,-Ab; were added into the
tube. The mixture was incubated for 60 min at 37 °C and
washing three times with a magnet to remove redundant
E. coli O157:H7. Next, 125 uL rtGO-NR-Au@Pt-Ab,-HRP
were added into the above isolates in the centrifuge tube and
incubated for another 60 min at 37 °C. After specific recogni-
tion of antigen and antibody, the “sandwich structure” was
formed (denote as Fes04@Si0,-Aby/E. coli O157:H7/1GO-
NR-Au@Pt-Ab,-HRP). The sandwich immunocomplexes
were separated by a magnet and washed by PBS (pH 7.4)
for three times. Finally, the sandwich immunocomplexes were
re-dispersed in 25 puL PBS and stored at 4 °C for further use.

Electrochemical determination of E. coli 0157:H7

Scheme 1d displays the preparation process of the immuno-
assay. Each working electrode of the 4-SPCE (the choice of 4-
SPCE is discussed in Electronic Supplementary Material)
were absorbed 3 pL of sandwich immunocomplexes by a
magnet. 300 uL HAC-NaAc (pH=5.5, 0.1 mol-L™") contain-
ing 1.0 mmol-L ! TH and 5.0 mmol-'L"! H,0, (working buft-
er) was dropped on the above modified electrode. The detec-
tion of E. coli O157:H7 was performed by measuring the
reduction peak current change (Al,) of cyclic voltammetry
(CV) before and after the sandwich immunocomplexes were
put on the electrode. Before the sandwich immunocomplexes
were absorbed on the electrode, the reduction peak current
response was recorded as /;. After the sandwich
immunocomplexes were absorbed on the electrode by the
magnet, the Au@Pt core/shell nanoparticles and HRP in
rGO-NR-Au@Pt-Ab,-HRP catalyzed H,O, in working buffer
to hydroxyl ions. Thus, the increased reduction peak current
response was recorded as /». Therefore, Al was expressed as
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Al = I-I,. Considering the convenient operation and practi-
cal application of the immunoassay, the electrochemical ex-
periments were carried out at room temperature. All experi-
mental solutions were deaerated by nitrogen for at least
15 min. During the detection process, the potential was swept
from —0.6 to 0.1 V (vs. Ag/AgCl) with a CHI 1030 at scan rate
of 50 mV-s'. Three successive CV scans were performed for
each measurement, and the last cycle was recorded.

Results and discussion

Characterization of Au@Pt core/shell nanoparticles
with different Pt shell thickness

Au@Pt core/shell nanoparticles with different Pt shell thick-
ness were prepared through changing the molar ratios of
H,PtClg to HAuCl, in starting precursor solution. In order to
demonstrate they have been prepared successfully, we choose
high-resolution transmission electron microscopy (HRTEM)
to characterize the Au@Pt core/shell nanoparticles synthe-
sized with different Pt/Au molar ratio (1:1, 2:1, 4:1).
Figure 1a, b, ¢ are the HRTEM micrographs of the solution
with the Pt/Au molar ratio of 1:1, 2:1, 4:1, respectively. Fig.
1d, e and f are the corresponding TEM micrographs with low
magnification. As can be seen from HRTEM, the structure of
nanoparticles is core/shell shape. According to the reduction
sequence, the core is the Au and the shell Pt [21]. From the
TEM micrographs with low magnification, no other isolated
Pt or Au nanostructures are observed, which also indicate that
the formation of core/shell structure. Figure 1d, e and f show
that the Pt shell thickness (or density) and the size of nanopar-
ticles are increased with the increase of Pt/Au molar ratio.
Therefore, we draw the conclusion that Pt shell thickness of
Au@Pt core/shell nanoparticles is controllable through chang-
ing the molar ratios of H,PtClgs to HAuCly in starting precur-
sor solution.

The growth of the Pt shell on gold nanoparticles (AuNPs)
surface can be readily monitored by UV-visible spectroscopy.
Figure 2a shows the UV-vis spectra of Au@Pt core/shell
nanoparticles from various solutions with different Pt/Au mo-
lar ratio. The Au nanoparticles without a Pt shell clearly shows
an absorption peak centered at 520 nm (curve a), which is due
to the surface plasmon resonance (SPR) of AuNPs. Upon Pt
shell growth, the SPR of the Au@Pt core/shell nanoparticles
show wide adsorption in the visible region. It is noted that the
high Pt/Au molar ratio exhibits a wider visible absorption
peak than that of low Pt/Au molar ratio. And for higher Pt/
Au molar ratio, the absorption peak gradually diminishes and
suppresses. This may be attributed to the following fact. With
the increase of Pt/Au molar ratio, the Pt shell thickness is
increased [27, 28]. However, Pt shell has no characteristic
absorption in the visible-near-infrared spectroscopy [22],
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Fig. 1 HRTEM images of Au@Pt core/shell nanoparticles with Pt/Au molar ratio of (a) 1:1, (b) 2:1, (¢) 4:1. Low-magnification TEM of Au@Pt
core/shell nanoparticles with Pt/Au molar ratio of (d) 1:1, (e) 2:1, (f) 4:1

which results that the Au plasmon absorption peak become  surrounds the gold may be an important factor [22]. Figure 2b
suppressed with the increase of surface coverage of Pt shell. s the digital photographs of Au@Pt core/shell nanoparticles
The suppression with the increase of Pt/Au molar ratio also ~ with different Pt shell thickness. With the increase of Pt/Au
indicates a continuous increase in the shell thickness. The  molar ratio, the color of the solution gradually changes from
scattering by the Pt shell and the change in the dielectric that ~ wine-red to dark black. This result is caused by growth of the

Fig. 2 a UV-vis spectra of (a) a
AuNPs and (b-f) Au@Pt
core/shell nanoparticles with
different Pt/Au molar ratio. b
Digital photographs of Au@Pt
core/shell nanoparticles taken at
different Pt/Au molar ratios. ¢
Reduction peak current of Au@Pt ! f
core/shell nanoparticles with §
different Pt/ Au molar ratio and (d) | x/L c
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Pt shells on the Au cores. If the proportion of Pt is higher, the
color of the solution is darker. This finding is in accordance
with the result for UV-visible spectroscopy measurements. In
a word, we have successfully prepared Au@Pt core/shell
nanoparticles with different Pt shell thickness by changing
Pt/Au molar ratio.

Choice of highly active electrocatalyst Au@Pt
core/shell nanoparticles

The catalytic activity of Au@Pt core/shell nanoparticles is
relevant to the Pt shell thicknesses [21]. In order to in-
crease the sensitivity of the immunoassay, the highest cat-
alytic active Au@Pt core/shell nanoparticles are chosen to
develop the electrochemical immunoassay. The 4-SPCE
was coated by Au@Pt core/shell nanoparticles (3 puL)
with different Pt/Au molar ratio (1:2, 1:1, 2:1, 3:1 and
4:1) respectively and dried at room temperature. The
Au@Pt core/shell nanoparticles have electrocatalytic ac-
tivity for the reduction of H,O,, the detection solution
was HAC-NaAc (pH=5.5, 0.1 mol-L™") containing
5.0 mmol-L ™" H,O, with 1.0 mmol-L™" TH as mediators.
Figure 2c is the reduction peak current of working elec-
trode modified by Au@Pt core/shell nanoparticles with
different Pt/Au molar ratio, and Fig. 2d is the correspond-
ing CV curves. It shows that the reduction peak current is
highest when the Pt/Au molar ratio is 1:1 and slightly
higher than the ratio of 1:2. With the further increase of
Pt/Au molar ratio, the catalytic activity of Au@Pt core/
shell nanoparticles is dramatically decreased. In this work,
when Pt/Au molar ratio is 1:1, Au@Pt core/shell nanopar-
ticles possess the highest catalytic ability and the utiliza-
tion efficiency of the Pt is highest. The electrocatalytic
reaction is depend on the accessibility of the reactants to
the catalysts [29]. That is to say, the value of reduction
peak current is depending on the accessibility of the H,O,
to the Pt. The Au@Pt core/shell nanoparticles with higher
Pt/Au molar ratio have a thicker Pt shell, which results
that H,O, can’t gain access to inner parts of the Pt shell.
But a thinner Pt shell may be not enough to catalyze
excess H,O,. Therefore, we choose Au@Pt core/shell
nanoparticles with the Pt/Au molar ratio of 1:1 in the
latter experiment.

Agglutination test

Agglutination test is used to verify the anti-E. coli O157:H7
(Ab; and Ab,) had successfully linked with Fe;0,@SiO,-
NH, and rGO-NR-Au@Pt (The Characterization of rGO-
NR, rGO-NR-Au@Pt, MNPs, Fe;0,@8Si0O,, and
Fe;0,@Si0,-NH, nanoparticles are provided in Electronic
Supplementary Material). 10 pL E. coli O157:H7 (10° CFU-
mL ") was dropped on glass slide, then 10 pL Fe;0,4@SiO,-
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Ab, suspension and 10 pL rGO-NR-Au@Pt-Ab,-HRP sus-
pension were mixed with E. coli O157:H7, respectively. The
result was recorded after reacting for 1 min. C. sakazaki,
E. coli ATCC 8739, C. freundii and PBS were used as control
groups. As can be seen from Fig. S3A, Fe;0,@8Si0,-Ab, are
uniformly dispersed in other four groups, but appearing ag-
glutination blocks in E. coli O157:H7 group. Similarly, the
result is the same in tGO-NR-Au@Pt-Ab,-HRP (see Fig.
S3B). This confirms that anti-E. coli O157:H7 (Ab; and
Ab,) have been successfully linked with Fe;0,@SiO,-NH,
and rGO-NR-Au@Pt, respectively. These two nanocompos-
ites possess good specificity to E. coli O157:H7.

Cyclic voltammetry

CV measurement was used to characterize the effect of each
component on the electrode after each modified step. Each
step was recorded in HAC-NaAc (pH = 5.5, 0.1 mol-L™") con-
taining 1.0 mmol-'L ! TH and 5.0 mmol-L ™! H,0,. Figure 3a
shows a pair of reversible redox peaks of TH at bare 4-SPCE.
After Fe;0,@Si0O,-Ab; are dropped on the 4-SPCE, the re-
dox current slightly decreases (curve b). This is mainly as-
cribed to the non-conductive SiO, and Ab,. The redox current
continues decreasing after Fe;0,@Si0,-Ab; combine with
E. coli O157:H7 (curve c). This result indicates that
Fe;0,@Si0,-Ab; and E. coli O157:H7 have been combined
together through the specific binding affinity between antigen
and antibody. After tGO-NR-Au@Pt-Ab,-HRP are incubated
with Fe;0,@Si0,-Ab/E. coli O157:H7 (curve d), an obvious
increase of the reduction current and a decrease of the oxida-
tion current are observed. This suggests that the “sandwich
structure” is formed. The catalytic current mainly derived
from the highly catalytic activity of Au@Pt core/shell nano-
particles and HRP toward the reduction of H,O,.

01 00 -01 -02 -03 -04 -05 -0.6
E/V(VS.Ag/AGCI)

Fig. 3 CVs of different modified electrodes in HAC-NaAc (pH=5.5,
0.1 molL™) containing 1.0 mmol-L™" TH and 5.0 mmol-L ™" H,0,: ()
bare 4-SPCE (Star), (b) 4-SPCE/Fe;0,@Si0,-Ab, (Circle), (¢) 4-SPCE/
Fe;04@8S10,-Aby/E. coli O157:H7 (Up Triangle), (d) 4-SPCE/
Fe;04@8Si0,-Aby/E. coli O157:H7/ rtGO-NR-Au@Pt-Ab,-HRP (Down
Triangle)
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Comparison of electrochemical responses using
various signal tags

To clarify the advantage of the immunoassay using rGO-NR-
Au@Pt-Ab,-HRP immunocomplex as signal amplification
section, a comparative study of the electrochemical responses
of the immunoassays was carried. The immunoassays are built
with four types of signal probes, including Au@Pt-Ab, (Pt/Au
molar ratio = 1) (Fig. 4a), rtGO-NR-Au@Pt-Ab, (Pt/Au molar
ratio =2) (Fig. 4b), rGO-NR-Au@Pt-Ab, (Pt/Au molar ra-
tio=1) (Fig. 4c), tGO-NR-Au@Pt-Ab,-HRP (Pt/Au molar
ratio = 1) (Fig. 4d). During the measurement process, the same
capture probe Fe;0,@Si0,-Ab; was used to incubate with
E. coli O157:H7 (4.0 x 107 CFU-mL"). The sandwich
immunocomplexes were detected in the absence (curve a,
black line) and presence (curve b, red line) of H,O,. As shown
in Fig. 4, the use of rGO-NR-Au@Pt-Ab, bioconjugate (Fig.
4b and c) offers greater current increase than that obtained
with Au@Pt-Ab, bioconjugate (Fig. 4a). This is mainly attrib-
uted to the high surface-to-volume ratio of rGO, which in-
creases the number of Au@Pt core/shell nanoparticles loaded
and leads more Au@Pt to catalyze the reduction of H,O,.
Compared Fig. 4b with Fig. 4c, the current increase of Fig.
4c is higher than that of Fig. 4b. This further confirms that the

use of Au@Pt core/shell nanoparticles with the Pt/Au molar
ratio of 1:1 can extremely amplify the electrochemical signal
and play an important role in increasing the sensitivity of the
immunoassay. And it can be found that the use of rGO-NR-
Au@Pt-Ab,-HRP (Pt/Au molar ratio = 1) bioconjugate offers
the highest current increase (Fig. 4d) in all four signal tags.
This suggests that HRP as electrocatalytic reagent can not
only promotes signal amplification but also blocked nonspe-
cific sites as BSA did. Therefore, rtGO-NR-Au@Pt-Ab,-HRP
(Pt/Au molar ratio = 1) bioconjugate was chosen as tracer for
the immunoassay to obtain superior signal amplification and
increase the sensitivity of following experiments.

Electrochemical determination of E. coli 0157:H7

In order to achieve better experimental results, the experimen-
tal conditions were optimized. The optimization of the exper-
imental conditions is discussed in detail in Electronic
Supplementary Material (Fig. S4). Under the optimal condi-
tions, the immunoassay was used to detect a series of E. coli
O157:H7 solutions. Figure 5a is the CV curve of each con-
centration of E. coli O157:H7. As indicated from Fig. 5b, the
Al of the electrochemical immunoassay increases with the
increase of E. coli O157:H7 concentrations. It exhibits a linear

Fig. 4 CVs of different sandwich a b
format immunoassays in the 25
absence (curve a, black line) and 251
presence of 5.0 mmol-L ' H,0, 20
(curve b, red line) in HAC-NaAc 15
(PH=5.5,0.1 mol'L ™"
containing 1.0 mmol-L™" TH by < 10 <
using various signal tags: (a) b? 5 bj
Au@Pt-Ab, (Pt/Au molar ratio = g 2
1), (b) r~GO-NR-Au@Pt-Ab, (Pt/ 3 0 a3
Au molar ratio = 2), (¢) rGO-NR- signal tag : signal tag:
Au@Pt-Ab, (Pt/Au molar ratio = 5 Au@Pt-Aby 5r rGO-NR-AU@Pt-Aby
1), (d) rGO-NR-Au@Pt-Ab,- 10k (Pt/Au molar ratio=1) 10l (Pt/Au molar ratio=2)
HRP (Pt/Au molar ratio= 1) i i i i i i i i i i i i
01 00 -01 -02 -03 -04 -05 -0.6 0.1 00 -01 -02 -0.3 -04 -05 -0.6
E/V(VS.Ag/AGCI) E/V(VS.Ag/AGCI)
c d
30

< <

=

3 3

signal tag :
51 1GO-NR-AU@Pt-Aby 1GO-NR-AU@Pt-Aby-
-10 4 HRP(Pt/Au molar ratio=1) 10+ HRP(Pt/Au molar ratio=1)
01 00 -01 -02 -03 -04 -05 -06 01 00 -01 -02 -03 -04 -05 -06

E/V(VS.Ag/AgCI)

E/V(VS.Ag/AgCI)
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Fig.5 a The CVs curve of different concentrations of £. coli O157:H7. b
The Al of different logarithmic concentrations of E. coli O157:H7. ¢
Linear relation between the reduction peak current change (Al,,) and the
logarithmic of E. coli O157:H7 concentration

@ Springer

relationship between the Al and the logarithm of the E. coli
0157:H7 concentration in the range from 4.0 x 10% to 4.0 x
108 CFU-mL™" (Fig. 5c¢). The regression equation of the cal-
ibration curve can be expressed as Al (uLA)=1.1831gC +
2.157 with correlation coefficient of 0.9914 and limit of de-
tection (LOD) of 9.1 x 10" CFU-mL™" (S/N=3). Compared
with the previous reports for the detection of E. coli O157:H7
(as shown in Table 1), this method exhibits a relatively lower
detection limit and a wider linear range. This enhanced per-
formance is manily due to a great number of Au@Pt core/shell
nanoparticles with highly catalytic activity are loaded on the
large specific surface of rGO. Besides, the HRP can catalyze
the oxidation reaction of TH by H,0,. And Fe;0,@SiO,-Ab;
acted as capture probe can increase the sensitivity of the meth-
od by magnetic enrichment.

Specificity, reproducibility and stability
of the immunoassay

The specificity of the immunoassay is evaluated by challeng-
ing the system against other bacteria including C. sakazakii,
C. freundii and E. coli ATCC 8739. In addition, all of the
bacteria solution concentrations were 107 CFU-mL"!, PBS
was used as a blank control. It can be seen from Fig. 6, only
E. coli O157:H7 leads to an obvious AIpc. Additionally, we
used the immunoassay for E. coli O157:H7 analysis in the
coexistence of other bacteria. As shown in Fig. 6, the coexis-
tence of other tested bacteria almost have no effect on the
current response of the immunoassay to E. coli O157:H7.
The results demonstrate that this immunoassay is highly se-
lective for E. coli O157:H7 detection.

In order to evaluate the reproducibility of this electrochem-
ical immunoassay, a series of five different electrodes are used
to detect E. coli O157:H7 (4.0 x 10" CFU-mL™") (Fig.
S5A).The relative standard deviation (RSD) of the measure-
ments for these five working electrodes is less than 5%, indi-
cating good reproducibility.

The stability plays an important role in the application of
the immunoassay. The prepared Fe;0,@Si0,-Ab; and rGO-
NR-Au@Pt-Ab,-HRP are stored at 4 °C, and the detection
result is depicted in Fig. S5B. After storage for 1, 2, 3, 4 and
5 weeks, there is no apparent Al variation of the immuno-
assay for detection of the same concentration of E. coli
O157:H7. The results indicate the acceptable stability of the
immunoassay.

Real sample analysis

In order to further prove the reliability of the immunoassay,
the recovery of E. coli O157:H7 in spiked pork and milk
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Table 1 Comparison of different methods for the determination of E. coli O157:H7
Methods Signal strategies Linearity LOD (CFU-mL ™) Ref.
range (CF U-mL )

EIS Label-free 1.0x 10°71.0 x 107 100 [30]
Electroanalysis Ag@SiO, 20-8.0 x 10° 13 [31]
Electroanalysis Label-free 412 x10>-4.12x 10° 250 [32]
Fluorescent BODDIP and BHQ2 2.0%x10%1.0 x 10’ 200 [33]
CL Glucose oxidase and laccase 43x10-43x10° <1200 [34]
Colorimetric E17F-37 and E18R-42 1.0x10*~1.0x 10 104 [35]
Lateral flow immunoassays Gold-decorated polystyrene particles - 100 [36]
Magnetoimpedance Dynabeads 5.0 % 10'-5.0 x 10? 50 [37]
Electroanalysis rGO-NR-Au@Pt-Ab2-HRP 4.0 x 10>-4.0 x 10° 91 This work

LOD limit of detection, EIS Electrochemical impedance spectroscopy, CL Chemiluminescence

samples were detected by standard addition method. The pork
samples were homogenized by a pat type sterile homogenizer
and the milk samples were diluted by PBS. The pork and milk
samples were spiked E. coli O157:H7 with a final concentra-
tion of 4.0 x 10%, 4.0 x 10° and 4.0 x 10° CFU-mL "', which
were certified by flat counting method. Through the samples
analysis, the recovery is within the range of 89.0-107.5% in
the pork and 95.0-105.8% in the milk (Table 2). In order to
better verify the application of this immunoassay in practical
sample detection,the immunoassay was compared with the
standard culture method for the detection of E. coli O157:H7
through the accuracy. Based on the specific experimental re-
sults of this immunoassay, if Al of the test sample is less

12+
I 1
e I
10 I |
L o
< 8r
2
S
o©
< 6
4t
2} (5 i
T T T T T T T T T T T T
= o > A QX X \
R P OIC &~
& A ¢ NN o SN
& & > O E O O
Q\W ¢ y\ L0\\ X ?(S C0\\ \V@pr Q&\b
&° L T\ C\*

Fig. 6 Specificity of the immunoassay toward: PBS, E. coli ATCC 8739,
C. sakazakii, C. freundii and E. coli O157:H7; and E. coli ATCC 8739,
C. sakazakii and C. freundii were mixed with E. coli O157:H7,
respectively

than 3.0 pA, the sample is negative; otherwise, the sample is
positive. As shown in Table S1, the accuracy rate is 100 and
100% in pork and in milk samples, respectively. These two
experiments suggest that the immunoassay hold great promise
as a reliable tool for the detection of E. coli O157:H7 in real
samples.

Conclusion

This work described highly sensitive electrochemical immu-
noassay for E. coli O157: H7 based on highly catalytic active
Au@Pt core/shell nanoparticles functionalized rGO and
Fe;0,4 magnetic nanoparticles. The rGO-NR nanocomposites
as immunoassay platform can provide a high density of
Au@Pt core/shell nanoparticles because of their high surface
area. Au@Pt core/shell nanoparticles here can act as desirable
scaffold with large surface area for efficient immobilization of
antibody and HRP. The method combined the nanocatalytic
properties of the redox-active nanoparticles and the
bioelectrocatalytic amplification of the bioactive enzyme and
exhibited acceptable specificity, reproducibility and stability.

Table 2  Determination of E. coli O157:H7 in pork and milk samples

Sample Spiked Found Recovery RSD
(CFUmLY)  (CFUmLY) (%) (%, N=5)
Pork1 4.0x10? 3.56 x 107 89.0 4.0
Pork2 40x%10° 3.92 % 10° 98.0 23
Pork3 40x108 430108 107.5 2.1
Milk1 4.0x10? 3.80 x 107 95.0 4.6
Milk2 40x10° 3.98x10° 99.5 3.0
Milk3 40x108 423x 108 105.8 24

@ Springer
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However, the electrochemical immunoassay needs to be im-
proved when it is applied in real sample and the recovery in
low concentration samples is relatively low. And the prepara-
tion of the nanomaterial is relatively complex. The research
provides a guide to develop of rtGO-NR-Au@Pt based immu-
noassay for sensitive and quantitative analysis other pathogen-
ic bacteria. And the bio-sensing system can also be easily
extended to other biomedical applications employing known
specific binding of target and labels.
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