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Abstract

The authors describe a sandwich-type of electrochemical immunoassay for rapid determination of the foodborne pathogen
Cronobacter sakazakii (C. sakazakii). Polyclonal antibody against C. sakazakii (anti-C. sakazakii) and horseradish peroxidase
were immobilized on a nanocomposite consisting of reduced graphene oxide, thionine and gold nanoparticles (AuNPs) that was
placed on a screen-printed carbon electrode (SPCE). Thionine acts as an electron mediator which also shortens the electron
transfer pathway from the conjugated HRP to the electrode surface and amplifies the electrochemical signal. The AuNPs, in turn,
improve the electron transfer rate and increase the surface area for capturing antibody. The morphologies of the electrodes were
characterized by means of field emission scanning electron microscopy. The electrochemical performance of the immunoassay
was evaluated by cyclic voltammetry and differential pulse voltammetry. Under optimal experimental conditions, the electro-
chemical immunoassay, best operated at a woking potential of —0.18 V (vs. Ag/AgCl) and scan rate of 20 mV/s has a linear
response that covers the 8.8 x 10* to 8.8 x 10° CFU-mL ™" C. sakazakii concentration range, with a 1.0 x 10* CFU-mL ™" detection
limit (at an S/N ratio of 3). The assay was applied to the detemination of C. sakazakii in spiked infant milk powder and gave

recoveries ranging from 92.0 to 105.7%.
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Introduction

Cronobacter sakazakii (C. sakazakii) is an important
foodborne pathogen, which can cause life-threatening necro-
tizing entercolitis, meningitis, and sepsis in neonates and in-
fants [1, 2]. Although the incidence caused by C. sakazakii is
low, the fatality rates is about 40 to 80% and survivors are
often left with severe neurological and developmental disor-
ders [3, 4]. C. sakazakii has been found in a variety of dry
foods, such as powdered infant formula, skim milk powder,
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herbal teas, and starches [5]. Therefore, the detection of
C. sakazakii needs high attention and concentration.
Standard microbiological techniques such as bacteriologi-
cal and biochemical are sensitive, but these methods require
complicated procedure, long analysis time and expensive ap-
paratus. It generally requires 5—7 days to detect this pathogen
by conventional culture method. These limitations hinder the
rapid and sensitive detection of C. sakazakii. Compared with
conventional bacteriological methods, biochemical methods
such as enzyme-linked immunosorbent assay (ELISA) and
real-time Polymerase Chain Reaction (PCR) have been used
for the identification of C. sakazakii. Although these methods
have the advantage of high accuracy, they are expensive ap-
paratus required, complicated in operation and time-
consuming [6—8]. Therefore, a rapid and sensitive detection
method is still needed for the detection of C. sakazakii.
Electrochemical immunoassay, as a promising approach
for selective and sensitive analyses, has become an important
analytical tool in different fields. [9—13]. So far, different elec-
trochemical immunosensors have been used for the

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00604-017-2572-x&domain=pdf
http://orcid.org/0000-0003-0999-012X
https://doi.org/10.1007/s00604-017-2572-x
mailto:wdou@zjsu.edu.cn

45 Page2of 8

Microchim Acta (2018) 185: 45

determination of foodborne pathogenic bacteria [14—17]. In
electrochemical immunoassay methods, signaling amplifica-
tion and noise reduction are very crucial. In general, they are
achieved by using an indicator system that results in the am-
plification of the measured product [18].

The “mediator-HRP” indicator system has been reported in
many immunosensors, which showed that this indicator system
had potential advantage. The horseradish peroxidase (HRP)
and electron mediator were often simultaneously immobilized
on a supporter. The supporter not only refrained from adding
electroactive materials in the detection solution, but also short-
ened the electron transfer pathway of the conjugated HRP to
the surface of the supporter. Tang et al. reported an electro-
chemical immunoassay for aflatoxin B1. In that immunoassay,
the prussian blue and HRP were immobilized on multifunc-
tional magnetic beads and nanogold, respectively. The path-
way of electron transfer was lengthened and the redox of the
HRP-H,0, system was lessened [19]. Similarly Tang and his
colleague used thionine (TH) and HRP as indicator system of
immunosensors to detect thyroid-stimulating hormone and al-
pha-fetoprotein. And Tang et al. proved that HRP and TH were
simultaneously immobilized on one supporter was better than
they were separately coated on two supporters [20, 21]. Wang
et al. used mesoporous silica nanoparticles and AuNPs as plat-
form to load TH and HRP labeled antibody, and provided a
sensitive detection for procalcitonin [22]. Zhang et al. used
carbon nanotubes as supporter to immobilize TH and HRP
for detection of carcinoembryonic antigen, with a good linear
response range and a low limit of detection of 0.008 ng'mL
[23]. Yuan et al. used graphene oxide to simultaneously immo-
bilize TH labeled antibody and HRP, their work provided a
sensitive immunosensor for the detection of carbohydrate an-
tigen 19-9 [24]. Reduced graphene oxide (rGO) has gained
great attention in constructing electrochemical biosensors due
to its large specific surface area, great electron transfer proper-
ties and good biocompatibility [25].

Herein, we designed a novel sandwich-type electrochemi-
cal immunoassay for C. sakazakii based on the advantages of
the rGO. TH, HRP, antibody and gold nanoparticles (AuNPs)
were anchored to the surface of rGO (denoted as rGO-TH-
AuNPs-Ab-HRP). And we used rGO-TH-AuNPs-Ab-HRP
as traces tag and H,O, as enzyme substrates. Additionally,
the AuNPs were used to modify screen-printed carbon elec-
trode (SPCE) by electrodeposition.

Experimental

Bioconjugation of anti-C. sakazakii and HRP
with rGO-TH-AuNPs

The reagents, apparatus and the preparation process of TGO and
rGO-TH-AuNPs are provided in Electronic Supplementary
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Material. 200 uL (20 ugmL*l) Anti-C. sakazakii was added
to the 3 mL 1.0 mg'mL ' rGO-TH-AuNPs composites solu-
tion and gently mixed at 4 °C for 12 h. After centrifugation, the
rGO-TH-AuNPs-Anti-C. sakazakii bioconjugates were incu-
bated with 200 uLL HRP (5 mg-mLfl) at 4 °C for 12 h. After
centrifuged and washed for several times, this bioconjugates
were re-dispersed in 1.5 mL phosphate buffered saline (PBS)
(containing 0.1 M KCI) and stored at 4 °C when not in use.

Electrochemical measurements procedure

Electrochemical measurements of the immunoassay toward
C. sakazakii were carried out through a sandwich-type immu-
noassay mode. The rGO-TH-AuNPs-Ab-HRP was used as
trace tag and H,O, was used as enzyme substrates. The prep-
aration of bacterial antigen and the preperation of electro-
chemical immunoassay were shown in Electronic
Supplementary Material. The electrochemical measurements
procedure is depicted as follows: (i) 3 pL different concentra-
tions of C. sakazakii were dropped on the immunosensor array
for 50 min at 36 £ 1 °C, followed by washing with saline to
remove unbounded C. sakazakii. (ii) 3 uL rGO-TH-AuNPs-
Ab-HRP solution was deposited onto the electrode surface for
another 50 min, followed by washing with saline to remove
unbounded rGO-TH-AuNPs-Ab-HRP. (iii) The electrode was
recorded by differential pulse voltammetry (DPV) from —0.45
to 0 V in working buffer containing 4.0 mM H,O,.
Electrochemical impedance spectroscopy (EIS) measure-
ments were carried out in the presence of a 5.0 mM
Fe(CN)¢> ’* (1:1) mixture in PB (containing 0.1 M KCI).
The alternative voltage was 5 mV and the frequency range
was 0.1-100,000 Hz. The preparation of stepwise procedure
of the sandwich-type immunoassay is shown in Scheme 1.

Results and discussion
Choice of materials

Gold nanoparticles (AuNPs) has been widely used to enhance
the sensitivity of the biodetection schemes due to easy to
modify with biomaterials, unique electrochemical properties,
high surface-to-volume ratios and its small dimensions.
Compared with single AuNPs, rGO combined with AuNPs
can load more antibodies and increase the sensitivity of the
detection result. However, the rGO and AuNPs were negative
charge in aqueous solutions and they will not combine with
each other directly. Thionine, which owns two hydrophilic -
NH, symmetrically distributed on each side, has a planar aro-
matic structure that allows strong interaction with the surface
of graphene sheets through synergistic noncovalent charge-
transfer and 7t-stacking forces [26]. The positive charge of
thionine not only prevented the aggregation of noncovalent
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Scheme 1 Fabrication process of
rGO-TH-AuNPs nanocomposites
and measurement protocol of the

electrochemical immunoassay

]
SPCE AuNPs

functionalized rGO but also combine the negatively charged
AuNPs absorbed on the surface of rGO. Therefore, we choose
rGO-TH-AuNPs as the basic materials in this method.

Characterization of the nanocomposites

The morphologies of rGO and rGO-TH-AuNPs nanocompos-
ites were characterized by field emission scanning electron
microscope (FE-SEM) technique. Fig. 1a shows that rGO is
irregularly crumpled and wrinkled sheet-like structures, which
indicates the rGO has large specific surface area. Fig. 1b
shows the morphology of rGO-TH-AuNPs nanocomposites.
It shows that a great number of bright dots (AuNPs) are uni-
formly distributed on the surface of rGO-TH, indicating the
formation of rGO-TH-AuNPs nanocomposites. For compari-
son, we mixed the rGO with the AuNPs without TH mole-
cules. Fig. S1 shows that few AuNPs are anchored on the
rGO, it indicates that TH molecules plays an important role
in the binding of AuNPs to the rGO. TH not only acts as an
electron mediator but also acts as a “bridge” to connect the
AuNPs to the rGO. TH is bound to the rGO sheet via 7t-
stacking and synergistic noncovalent charge-transfer. TH can
effectively overcome rGO aggregation [27, 28]. The negative-
ly charged AuNPs are absorbed on the surface of rGO-TH
because of the interaction between the amine groups in TH
and AuNPs together with the electrostatic interaction [29].
The UV-vis absorption spectra, photographs and FTIR spectra
of the all kind of nanoparticles and nanocomposites shows in
Fig. S2, which illustrates that we have successfully prepared
the nanocomposites.
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CV and EIS characterization

The preparation of electrochemical immunoassay was provid-
ed in Electronic Supplementary Material. Fig. 2a shows the
CV of different electrodes in the presence of a 5.0 mM

Fig. 1 FE-SEM images of rGO (a), rGO-TH-AuNPs nanocomposites (b)
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Fig. 2 a CV and (b) EIS of (a) bare SPCE, (b) AuNPs/SPCE, (c) Ab/
AuNPs/SPCE, (d) BSA/Ab/AuNPs/SPCE, (e) C. sakazakii/BSA/Ab/
AuNPs/SPCE in 5.0 mM Fe(CN)s>7* (1:1) mixture in saline (containing
0.1 M KCl)

Fe(CN)s** (1:1) mixture in saline. The redox-label Fe
(CN)s> " displays a reversible CV curve at the bare SPCE
(curve a), in which appears a pair of well-defined redox peaks.
As can be seen from curve b, the cathodic and anodic peak
currents are increased obviously after SPCE electrodepositing
in HAuCly. After Anti-C. sakazakii self-assembls onto the
AuNPs/SPCE (curve c), the peak currents decrease greatly.
It indicates that the antibodies are successfully immobilized
on the electrode surface. And the immobilized protein acts as
the electron communication and mass-transfer blocking layer
to insulate the electron transfer of the redox-label Fe(CN)¢> "
with the electrode. When non-electroactive BSA is used to
block nonspecific sites, the peak current further decreases
(curve d). The peak current decreases with the C. sakazakii
immobilization on the electrode (curve e). This can be as-
cribed to the formation of the antigen-antibody complex
which insulated the conductive support and hinder the elec-
tron transfer toward the electrode surface.

EIS is employed to further investigate the stepwise mod-
ified processes of the electrode. Fig. 2b shows the imped-
ance spectra at different electrodes in Fe(CN)s® '+ solution.
The semicircle diameter in the impedance spectrum equals
to the electron-transfer resistance. As seen from curve a, a
big semicircle is observed at the bare SPCE, indicating a
high transfer resistance. Subsequently, AuNPs is deposited
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on the surface of SPCE, the diameter of semicircle is de-
creased, implying that AuNPs enhance the electron transfer
in the electrochemical probe (curve b). When Anti-
C. sakazakii are self-assembled onto the AuNPs/SPCE, the
resistance is increased (curve c). After BSA blocking and
subsequent immobilization of C. sakazakii, the resistance
increases gradually (curve d and e). This is consistent with
the fact that the hydrophobic layer of the protein insulates
the conductive support and perturbs the interfacial electron
transfer. The FE-SEM images of bare SPCE and AuNPs/
SPCE are shown in Fig. S3(a) and Fig. S3(b).

CV characteristics of the electrochemical
immunoassay

Fig. 3 shows the CV of SPCE, BSA/Ab/AuNPs/SPCE,
C. sakazakii/ Ab/BSA/AuNPs/SPCE and rGO-TH-AuNPs-
Ab-HRP/C. sakazakii/Ab/BSA/AuNPs/SPCE in pH 5.5
working buffer without or with H,O, No peak is observed
at SPCE (curve a), BSA/Ab/AuNPs/SPCE (curve b) and
C. sakazakii /BSA/Ab/AuNPs/SPCE (curve c). While a pair
of stable and well defined redox peaks of TH are obtained
using rGO-TH-AuNPs-Ab-HRP/C. sakazakii/BSA/Ab/
AuNPs/SPCE over the working potential range from —0.5 to
0 V in the working buffer (curve d). Upon addition of 4.0 mM
H,0, to the solution, the reduction peak current further in-
creases, the oxidation peak current decreases and the reduc-
tion peak potential shifts slightly to a more negative value
(curve e). This result indicates an obvious electrocatalytic pro-
cess, and this electrocatalytic process is mainly derived from
the HRP toward the reduction of H,O, with the aid of the TH.
It suggests that the HRP as enhancer not only catalyzes the
oxidation reaction of TH by H,O,, but also blocks nonspecific
sites as BSA did.
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Fig.3 CVof(a) bare SPCE, (b) BSA/Ab/AuNPS/SPCE, (¢) C. sakazakiil

BSA/Ab/AuNPs/SPCE, and the C. sakazakii/BSA/Ab/AuNPs/SPCE

after incubation with rGO-TH-AuNPs-Ab-HRP in pH 5.5 working buffer
without (d) and with (e) 4.0 mM H,O, at scan rate of 100 mV s~
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Comparison of electrochemical responses using
various signal tags

To highlight the merits of “TH-HRP” indicator system in this
immunoassay, we prepared two types of trace tags, i.e. rGO-
TH-AuNPs-Ab-HRP and rGO-AuNPs-Ab-HRP (rGO-
AuNPs labeled Ab and HRP without TH). They were both
used for determination of C. sakazakii on the BSA/Ab/
AuNPs/SPCE with the same assay format (note: when using
rGO-AuNPs, 1 mM TH was directly added into pH 5.5 work-
ing buffer containing 4.0 mM H,0,). During this process, the
conjugated C. sakazakii on the BSA/Ab/AuNPs/SPCE was
almost the same for each concentration, and thus the produced
signal mainly derived from the HRP. Fig. 4 displays the com-
parison of current responses of the electrochemical immuno-
assay by using various signal tags. It shows that the use of
rGO-TH-AuNPs nanocomposite results in a larger current
change than that of the rGO-AuNPs nanocomposite. The rea-
son might be attributed to the following issues [20]: (i) TH
molecules acts as a “brige” to connect AuNPs to rGO, which
shortened the electron transfer pathway of the conjugated
HRP on the surface of rGO-TH-AuNPs nanocomposite. (ii)
The exits of TH molecules makes more AuNPs absorbe on the
rGO. The rGO-TH-AuNPs nanocomposite exhibites a larger
surface coverage for the immobilization of Anti-C. sakazakii
and HRP than that of rGO-AuNPs nanocomposites. Hence,
the high-content HRP molecules on the rGO-TH-AuNPs
nanocomposite exhibits high catalytic efficiency toward the
reduction of H,O».

Quantificational detection of C. sakazakii

Under the optimal conditions (data and figures are given in the
Fig. S4 and Fig. S5), the analytical performance of the pre-
pared immunoassay was studied by measuring different con-
centration C. sakazakii with DPV. As shown in Fig. 5, the
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Fig. 4 Comparison of current responses of the BSA/Ab/AuNPs/SPCE
toward various C. sakazakii concentrations in pH 5.5 working buffer
containing 4.0 mM H,O, by using rGO-TH-AuNPs-Ab-HRP (pink)
and rGO-AuNPs-Ab-HRP (blue)
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Fig. 5 The current of different concentrations of the C. sakazakii in

pH 5.5 working buffer containing 4.0 mM H,0, at 20 mV s . (Inset:
The corresponding DPV curves)

DPV peak currents of the electrochemical immunoassay in-
creases with the increase of C. sakazakii concentration. The
DPV peak currents and the logarithm values of C. sakazakii
concentration exhibit a linear relationship in the range of
8.8 x 10*-8.8 x 10 CFU-mL ™" with a correlation coefficient
0f 0.987. The linear regression equation is I (LA) =—0.446 +
0.57031gC (I is the current, pA; C is the concentration of
C. sakazakii, CFU-mL™"). The limit of detection (LOD) is
1.0 x 10* CFU-mL ™" (S/N=3). These results indicate that
the immunoassay detection for C. sakazakii is reliable and
sensitive. The method for the determination of C. sakazakii
is compared with the previously reported methods in Table 1.
It shows that this electrochemical immunoassay has an accept-
able analytical performance for the detection of C. sakazakii.
The electrochemical immunosensor designed by Hu et al. is
more sensitive than this work; however, their electrode mod-
ification need horseradish peroxidase-labeled antibody and
ionic liquids will raise the cost of the experiment. The wide
linear range and low LOD can be considered as followed: (i)
the excellent electrical conductivity of rGO and AuNPs en-
hanced the charge transfer; (ii) rGO exhibits a larger surface
coverage for the immobilization of Anti-C. sakazakii and
HRP, and the exit of TH molecules make more AuNPs
absorbed on the rGO, (iii) rGO-TH-AuNPs-Ab-HRP as trace
tag simultaneously contains the bioactive enzyme (HRP) and
electron mediator (TH). rGO-TH-AuNPs nanocomposite not
only refrain from adding electroactive materials in the detec-
tion solution, but also shorten the electron transfer pathway of
the conjugated HRP; (iv) the electrodeposition of AuNPs in
the SPCE increases the immobilization amount of antibodies
and improve the electronic transmission rate.

Specificity, reproducibility and stability
of the immunoassay

The specificity of the electrochemical immunoassay was also
monitored toward other foodborne pathogens, such as

@ Springer
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Table 1  Comparison of the detection range and LOD of different assays for detection of C. sakazakii

Material/method used Detection range (CFU'mL ™ LOD (CFU-mL™) Reference
Label-free aptasensing platform 7.1x10°~7.1 x 107 7.1x10° [30]
Sandwich ELISA 2.0x10*1.2x 107 2.0x10* [31]
Real-time PCR 10°-10° 12x10° [32]
reduced graphene oxide—gold nanoparticle/ 10°-10° 1.19 x 10° [33]

ionic liquid

on-chip RPA (recombinase polymerase amplification) not mentioned <1.0x 107 [34]
MoS2-Ns aptamer based assay Digital “Yes or No”kind 10 [35]
Surface Enhanced Raman Spectroscopy Eight foodborne pathogens <1.69 % 10 [36]
reduced graphene oxide-thionine-gold nanoparticles 8.8 x 10*-8.8 x 10° 1.0 x 10* This work

C. freundii, S. aureus, B. cereus, E. coli. All of the bacteria
solution concentrations were 10’ CFU-mL™" and saline was
used as a blank control. Fig. 6 shows that the peak current is
from C. sakazakii is much higher than that from the other
foodborne pathogens and saline. The results demonstrate that
the immunoassay can be used to detect C. sakazakii from
other foodborne pathogens, indicating good specificity of the
electrochemical immunoassay.

To evaluate the reproducibility of the immunoassay, a se-
ries of five electrodes were prepared for detecting 8.8 x
10’ CFU'-mL™" C. sakazakii. The relative standard deviation
(RSD) of the measurements for the five electrodes was 9.3%,
suggesting the reproducibility of the immunoassay is good.
Additionally, the stability of the immunoassay was also exam-
ined. When the material was stored at 4 °C, it can be seen that
93.3% of the initial response remained after one week and
86.8% of the initial response remained after 30 days, which
indicates that the immunoassay had acceptable stability.

Evaluation of C. sakazakii in real sample

In order to evaluate the feasibility of the electrochemical im-
munoassay, recovery experiments were performed by stan-
dard addition methods in infant milk powder. A series of milk

3.0+

Current/uA
o

-
o
1

0.5+

0.0-

C.sakazakii ~ E.coli  S.aureus B.cereus C.freundii

Fig. 6 Specificity of the immunoassay toward: C. sakazakii, E. coli,
S. aureus, B. cereus, C. freundii (from left to right with the same
concentration)
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samples were bought from a market in Hangzhou (Zhejiang,
China), and the milk samples were tested for C. sakazakii by
standard culture method of C. sakazakii. And all of milk sam-
ples were not affected by C. sakazakii. 1.0 mg of infant milk
powder was dispersed in 5 mL saline, and then spiked with
desired concentrations of 8.8 x 10°, 8.8 x 10°, 8.8 x 107, 8.8 x
108 CFUmL ™' C. sakazakii, respectively, all of which were
certified by flat counting method. After that, the samples were
determined by the method. As can be seen from Table S1, the
recoveries (from 92.0% to 105.7%) are acceptable, but the
RSD is relatively high, the reason is ascribed to the fat and
protein may influence the detection of C. sakazakii in real
sample. And the electrochemical immunoassay need to be
improved when it is applied in real sample.

Conclusions

In summary, this contribution describes a sandwich type elec-
trochemical immunoassay for the detection of C. sakazakii
using Anti-C. sakazakii and HRP modified rGO-TH-AuNPs
nanocomposites as signal amplifying probe. The immunoassay
provides a rapid and sensitive detection for C. sakazakii, which
exhibited acceptable specificity, reproducibility and stability.
However, the electrochemical immunoassay needs to be im-
proved when it is applied in real sample because of the relative-
ly instability and not very good recovery. This technique may
be useful for future applications in public and food safety.
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