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Abstract A new signal amplified protocol for sensitive mon-
itor of ochratoxin A was developed by coupling platinum en-
hancement technique to a redox cycling amplification strate-
gy. Initially, platinum-enclosed gold cores (AuPtNP) were
functionalized with monoconal antibody against ochratoxin
A (OTA) to act as signal tags. Upon addition of analyte
(OTA), competitive immunobinding occurs between OTA
and an OTA-BSA conjugate immobilized on a ferrocene mod-
ified electrode for the anti-OTA on the signal tags. Next, the
AuPtNPs on the immunosensor are incubated with a platinum
enhancing solution to initiate the growth of additional cata-
lysts in order to further promote the catalytic cycling between
p-aminophenol and p-quinoneimine with the aid of the reduc-
tant NaBH, and ferrocene. As a result, the analytical signal is
strongly enhanced and can be measured by differential pulse
voltammetry in the range from —300 mV to 600 mV (vs. SCE)
at 50 mV s '. Under optimized conditions, the immunosensor
displays a dynamic working range that extends from
0.2 pgmL ' to 5 ng-mL ™" of OTA, with a lower detection
limit of 75 fg-mL™'. The method is highly selective and was
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applied to the determination of OTA in (spiked) red wine
samples.
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Introduction

Ochratoxin A (OTA), produced mainly by Aspergillus
Ochraceous, A. carbonarius and Penicillium verrucosum is
a carcinogenic in human (group 2B) [1], is nephrotoxic, car-
cinogenic and teratogenic, and regarded as an immunosup-
pressive agent [2]. It can be found in various agricultural com-
modities during storage, such as grape juice, baby food, beans,
soluble coffee and wine [3, 4]. Thus, numerous studies have
been reported for reliable and sensitive analysis of OTA in
food samples. Methods including liquid chromatography-
tandem mass spectrometry, high-performance liquid chroma-
tography, gas chromatography and thin-layer chromatography
have been adopted for sensitive detection of OTA [5-7].
However, more convenient, less expensive and faster detec-
tion methods are required in daily life. Multiple immune-
biosensors have emerged for OTA detection including
photoelectrochemical, electrochemical, electrochemilu
minescent, and fluorescent immunosensors [8—11]. Among
these methods, electrochemical approaches have drawn sig-
nificant attentions and been considered as effective techniques
for OTA detection.

Detectable signal amplification is especially important
in increasing the approach sensitivity. Enzymatic and nano
amplification are most frequently used signal amplification
approaches [12—14]. Many nanocatalysts especially noble
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metals have been widely used to improve the detection
sensitivity in immunosensor due to its intrinsic advantages
including eco-friendly, highly active and low cost [15-18].
Platinum-based catalysts have been extensively developed
as efficient catalysts towards many reactions, e.g. oxygen
reduction reaction, hydrogen evolution, and methanol oxi-
dation reaction [19-21]. Multiple immunosensors have
been developed based on platinum nanocatalyst promoted
signal amplified strategy, e.g. catalytically oxidize 1-NP,
catalyzed the reduction of hydrogen, electro-oxidation of
hydrazine, and platinum-catalyzed hydrogen evolution re-
action [22-24].

Redox cycling signal amplified protocol, a process that can
repetitively generate or consume signaling species, has
attracted vast attentions in the last few years. Generally, enzy-
matic and non-enzymatic catalysis are usually combined with
redox cycling signal amplified process for enhancing the de-
tection signal in electrochemical immunosensor [25, 26].
Especially, platinum nanoparticles as an efficient catalyst are
regarded as a proper candidate for promoted redox cycling
signal amplified strategy. The author has devised an
immunosensor by combining the platinum nanoparticles
based redox cycling with in situ signal amplification strategy
[27]. In the amplified assay, the self-produced reactant (e.g. p-
aminophenol) can be catalytically recycled by platinum nano-
particles, thus resulted in the signal amplification. However,
we found that the catalytic activity of the nanocatalysts was
greatly weakened when they labeled with biomolecules. The
reason might be speculated that some of the active sits of the
platinum nanoparticles may be covered after labeling with
biomolecules. Moreover, the biomolecules is weak conduc-
tive, which may influence the electron transfer from the de-
tection solution to the working electrode.

The platinum enhancement technique can be considered
as ideal alternative strategy to increase the signal. The
enhancement step is required to allow for seed-mediated
Pt deposition on the biomolecules surface in order to in-
creasing the catalytic active sites of the nano-labels [28].
Thus, in the assay, a new and sensitive electrochemical
immunosensor was developed for monitoring of small
molecules (ochratoxin A, OTA, as a model) based on Pt
nanocatalyst promoted redox cycling signal amplification
strategy coupling with Pt enhancement step. Platinum-
enclosed gold cores nanocomposites (AuPtNP) were syn-
thesized and used as signal tags. After competitive im-
mune-reaction, the signal tags were immobilized on the
ferrocene-modified glassy carbon electrode. Then, multi-
ple Pt catalyst was grown on the surface of the signal tags
after performing Pt enhancement step, which can signifi-
cantly catalyze the reduction of p-nitrophenol to p-
aminophenol in the presence of NaBH,. Moreover, with
the aid of Fc and Pt nanocatalyst, the PAP can be gener-
ated recycled, thus resulted in the signal amplification.
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Experimental
Reagents

Ochratoxin A (OTA), OTA-BSA conjugated were pur-
chased from Sigma-Aldrich (Shanghai, China www.
sigmaaldich.com/china). Monoclonal antibody anti-OTA
was supplied by Immunechem (Burnaby, Canada www.
immunechem.com). NaBHy, p-nitrophenol (PNP), p-
aminophenol (PAP) were obtained from Sinopharm
Chem. Re. Co. Ltd. (Shanghai, China www.sinoreagent.
com). Chitosan (deacetylating grade: 80-95%),
glutaraldehyde, formic acid, ferrocenecarboxylic acid and
bovine serum albumin (BSA, 96-99 wt%) were purchased
from Sigma-Aldrich (Shanghai, China www.sigmaaldich.
com/china). All other reagents were of analytical grade and
were used without further purification. Distilled water was
used throughout the study and phosphate-buffered saline
(PBS, 0.1 M) of various pHs were prepared by mixing of
the stock solutions of Na,HPO, and NaH,POy,.

Preparation and biolabeling of platinum enclosed gold
nanoparticles (AuPtNPs)

Initially, gold nanoparticles were synthesized according to the
literature with a little modification [29]. Briefly, the pre-cooled
HAuCl, (0.4 mM) and ascorbic acid (0.64 mM) with the same
volume were mixed rapidly into a flask. Then keep it in an ice
bath until the color turned to vivid red. The gold colloids were
stored at room temperature for further use.

Then, 2 mL of hexachloroplatinic acid (2.5 mM) and
ascorbic acid (38 mM) were added in the above gold
colloids, respectively. The resulting mixtures were
reacted for 4 h at 70 °C. Subsequently, 4 mL of ascorbic
acid was added and temperature was raised to 80 °C.
Two hours later, the mixture was centrifuged and the
AuPtNPs was redispersed in deionized water for further
use. Subsequently, the AuPtNPs solution was used for
the conjugation of anti-OTA antibody as follows:
400 pL of anti-OTA (1.0 mg mL™") was initially added
into 1.0 mL of AuPtNPs colloids, and then the mixture
was incubated for 12 h at 4 °C with gentle stirring.
Finally, anti-OTA functionalized AuPtNPs were obtained
by centrifugation, and redispersed.

Fabrication of OTA immunosensor

Firstly, chitosan solution was prepared by adding 1.0 mg of
chitosan flakes into 1.0 mL of 1.0 wt% acetic acid solution,
and then the mixture was kept stirring until the flake was
completely dissolved. Then, 1.0 mg of ferrocenecarboxylic
acid was added into the chitosan solution with adequately
stirring until a homogeneous mixture was obtained
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(designated as Chi-Fc). Following that, 10 puL of the Chi-Fc
solution was dropped on the surface of the pre-treated GCE.
After dry, it was rinsed in pH 7.4 PBS. Afterwards, 10 uL
drop of glutaraldehyde (0.020%, w/v) was applied to the GCE
surface and incubated for 1 h. Excess glutaraldehyde was re-
moved after rinsing in pH 7.4 PBS. Subsequently, the modi-
fied electrode was incubated with the OTA-BSA solution
(5 ugmL ™) or 12 hat4 °C. Then the electrode was immersed
in the blocking solution (2.5 wt% BSA) for 1 h at RT to block
the possible active sites on the surface of the electrode. The
electrode was stored at 4 °C when not in use.

Electrochemical measurement

To carry out the competitive immunoreaction and electro-
chemical determination, firstly, 5-uL of OTA standard so-
lutions or wine samples with various concentrations and
5-uL of anti-OTA-AuPtNPs (~0.1 mg mL ") were dropped
onto the modified electrode and incubated for 23 min at
RT. After washed with the washing buffer, the resulting
immunosensor was reacted with the platinum enhance so-
lution containing 2.0 mM PtC1427, 0.5% of Tween 80 and
0.1 M formate for 40 min. After that, the immunosensor
was monitored in pH 7.4 PBS solution containing 1.0 mM
PNP and 1.0 mM NaBH,. Analyses are always made in
triplicate (Scheme 1).

Results and discussion

Characterization of signal amplified mechanism
of the assay

In this work, platinum-enclosed gold cores nanocomposites,
synthesized and used as signal tags, can trigger the Pt enhance-
ment step. Thus, multiple Pt nanoparticles were in situ gener-
ated on the signal tags, which can induce the p-aminophenol
redox cycling and greatly enhance the electrochemical signal.
As mentioned above, one important concern for the OTA-
sensing strategy was whether AuPtNPs-based labels can trig-
ger the Pt enhancement process. To verify this point, transmis-
sion electron microscope (TEM) was employed. From TEM
images of AuPtNPs (Fig.1a), a uniform and flower-like shape
was observed with an average size of 40 nm. In addition, it is
obviously that the thickness and size of nanoparticles was in-
creased and more small particles was grown on the edge of the
signal labels after performing with platinum enhancing solu-
tion (Fig.1b). Thus, we can preliminary observed that the Pt
enhancement step was successfully performed.

Another important concern was whether the nanocomposite
can catalyze the p-nitrophenol reduction with the aid of NaBH,.
The reduction process can be monitored by UV-vis absorption
spectra. To realize our design, NaBH, was added with an excess
amount. As indicated from the Fig.lc, with the reaction pro-
ceeds, the absorbance at 402 nm (the peak of p-nitrophenolate

Scheme 1 Schematic
illustration of sensitive OTA
electrochemical immunosensor
based on platinum enhancing
process and nano-zyme pro-
moted redox cycling amplified
strategy
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Fig. 1 TEM image of a
AuPtNPs-anti-OTA, b substrate ’
A’ after reaction with platinum
enhance solution. ¢ UV-vis ab-
sorption spectra of (a) the  p-
nitrophenol solution in the pres-
ence of NaBHy, and (b-f) the
mixture ‘a’ after addition of vari-
ous concentrations of AuPtNPs
nanocatalysts
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ions) was gradually decreased with the increment of nanocom-
posite, while that peak at 290 nm (the peak of p-aminophenol)
was increased. Thus, the results indicated that the AuPtNPs
showed excellent catalytic activity towards the reduction of PNP.

Electrochemical characteristic the recycling
of self-product and the Pt enhancement process

Logically, one puzzling question arises as to whether the Fc-
modified electrode can promote the redox cycling of PAP to
PQI. To clarify this issue, the sensor was initially monitored in
a pH 8.0 phosphate buffer solution. As indicated in Fig. 2a, a
couple of redox peaks was observed. After addition of 6 mM
PAP, the peak current of electrode was obviously increased.
The reason might be attributed to the fact that the PAP can be
electrochemical oxidized via an electron mediation of the elec-
tron mediator (ferrocene) on the electrode. Moreover, the sig-
nal was greatly increased after the addition of NaBH, to the
PBS. Thus, it is observed that the PAP can be recycled with
the aid of the electron mediator and NaBH,.

Following that, the OTA-BSA modified electrode was used
for the reaction with OTA (0.001 ng mL ") and AuPtNPs-
anti-OTA. Electrochemical behaviors of the formed
immunosensor were monitored in the 8.0 PBS with and
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without the PNP and NaBH,. As indicated from the Fig. 2b,
when PNP and NaBH,4 was added in the detecting solution,
the peak current was greatly increased, which cause a 561%
signal increase in the anodic current relative to the background
current. The reason might be the fact that the AuPtNPs can
reduce the PNP with the aid of NaBH,, and the self-product
PAP can promote the redox cycling of PAP to PQI.
Interestingly, the peak current was further highly increased
after the immunosensor incubation with the platinum enhanc-
ing solution. The reason might be speculated that (i) more
platinum nanoparticles can be generated in situ on the surface
of the immunosensor, (ii) the catalytic active sites on the labels
was increased after performing platinum enhancing process,
and (iii) the amplified strategy can be applied for sensitive
detection of target.

Conditional optimization

To achieve the best performance of the AuPtNPs based elec-
trochemical immunosensor, several experimental conditions
including incubation time, the reaction time for platinum en-
hancing, the concentration of ferrocene, the concentration of
PtCl,* in platinum enhancing solution and the concentration
of NaBH, were investigated. Considering the possible
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Fig. 2 a Cyclic voltammograms of CS-Fc-modified GCE in (a) pH 8.0
PBS, (b) pH 8.0 PBS + 6.0 mM PAP, and (d) pH 8.0 PBS + 6.0 mM
PAP + NaBH, at 50 mV/s. b Cyclic voltammograms of the AuPtNPs-
anti-OTA/OTA-BSA-Cs-Fc-GCE in (@) pH 8.0 PBS, pH 8.0 PBS +

application of the electrochemical immunosensor in the fu-
ture, room temperature (25 °C) was selected for immunoreac-
tion throughout the experiment. At the condition, the effect of
the incubation time for antigen-antibody interaction was in-
vestigated. As depicted in Fig.3a, the peak current decreased
with the increasing of the reaction time from 5 min to 23 min,
and tended to level off after 23 min. Thus, 23 min was selected
for sensitive determination of OTA at acceptable throughout.
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NaBH,4 + 6.0 mM PNP, and (¢) the immunosensor after reaction with
platinum enhance solution in pH 8.0 PBS+ NaBH, + 6.0 mM PNP at
50 mV/s

As described above, the amount of the enhanced platinum
nanoparticles on the immunosensor was one of important
factors to determine the signal enhancement. Thus, the reac-
tion time of platinum enhancing process was also investigat-
ed. Initially, the immunosensor was incubation with 0.01 ng
mL ! OTA and bio-AuPtNPs mixture for 23 min at RT, and
then reaction with platinum enhancing solution with different
times. As indicated from Fig.2b, with the increasing reaction
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Fig. 3 Effects of (a) incubation time, (b) formation time of Pt catalysts on the response of the impedimetric immunosensor, and the concentration of Fc
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Fig.4 a Calibration plots of the electrochemical immunosensor toward different concentrations OTA standards in pH 8.0 PBS + NaBH, + 6.0 mM PNP
(peak currents at 128 mV were used for quantity); b the corresponding DPV curves

time, the currents were increased. It was tended to a plateau at
40 min. Therefore, 40 min was selected for platinum devel-
opment. Similarly, we observed that the currents increased
with the increase of ferrocene concentrations and a highest
signal can be achieved when 1.0 mg mL™" of ferrocene was
used (Fig. 2c). Moreover, as indicated from Fig. 2d and e,
2.0 mM of PtCl,> and 1.0 mM NaBH, were chosen as the
optimal condition for platinum enhancing and PNP reduction.

Analytical performance of the OTA-based electrochemical
sensor

By virtue of the optimal conditions, the analytical properties
of the competitive-type electrochemical immunoassay were
evaluated toward OTA standards. The incubation solution
contained an OTA standard at a known concentration and
AuPtNPs-anti-OTA substrate at a certain concentration. The
Pt nanocatalyst can generated on the Fc-OTA-BSA-modified
electrode, which can accelerate the catalyze reduction of  p-

nitrophenol and thus inducing the redox cycling of PAP. As
seen from the figure, the peak currents decreased with the
increase of OTA concentration in the sample, and exhibited
a good linear relationship between the peak currents and the
logarithm of OTA concentrations in the dynamic range of
0.2 pg mL™'- 5 ng/mL (Fig. 4a). The linear regression equa-
tion was y = —2.502In(x) + 5.7752 (R2 =0.9927). The limit of
detection was 0.075 pg mL ™.

Moreover, the analytical properties of the AuPtNPs based
redox cycling sensor was compared with other OTA sensors
[3, 18, 30-35]. As indicated from Table 1, the analytical per-
formance of the sensor was acceptable (Table 2).

Precision, stability and selectivity of the OTA based
electrochemical sensor

In order to evaluate the specificity of the redox-cycling
based electrochemical immunosensor toward target OTA,
the system was challenged with other mycotoxins,

Table 1 Comparison of analytical properties of the AuPtNPs based OTA assay with other methods

Assay method * Materials used * Linear range LOD Ref.
DPV assay None 0.005-100 ng mL ™" 2pgmL! [30]
FRET-based competitive biosensor CdTe QDs; Magnetic silica NPs 8.0-48 pgmL™' 0.8 pgmL™' [3]
Amperometric aptasensor SWCNTs 0.18-30 nM 52 pM [31]
LRET based aptasensor NaYF,:Yb, Er NPs; AuNRs 0.05-100 ng mL"™" 27 pgmL™’ [18]
Fluorescence immunoassay CdTe QDs 0.05-10 pg mL™" 0.05 pgmL™" [32]
Colorimetric aptasensor Au@Fe;04 NPs 0.5-100 ng mL™" 30 pg mL™! [33]
Electrochemical aptasensor mSiO, @Au; GAu/CdTe 0.0002-4 ng mL™" 0.07 pgmL™ [34]
Impedimetric aptasensor modified PPy-dendrimers - 2ngL™! [35]
Electrochemical sensor AuPtNPs 0.0002—5 ng mL ™" 0.075 pg mL™" This work

# DPV Differential pulse voltammetric, QDs quantum dots, NPs nanoparticles, SWCNT5 single-walled carbon nanotubes, LRET luminescence resonance
energy transfer, AuNRs gold nanorods, mSiO,@Au gold nanoparticles functionalizd silica-coated iron oxide magnetic nanoparticles, GAu/CdTe cadmi-
um telluride quantum dots modified graphene/Au nanocomposites, PPy polypyrrole
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Table 2  Determination of OTA in red wine sample with the redox
cycling amplified immunosensor (n = 3)

Sample Added Assayed RSD (%) Recovery (%)
(ng mL ™) (ng mL ™)
1 0.005 0.00472 2.9 94.4
2 0.010 0.0109 43 109.0
3 0.100 0.095 33 95.0
4 0.500 0.498 2.6 99.6
5 1.000 0.976 2.8 97.6
6 2.000 2.10 3.8 105.0

including aflatoxin B, (AFB,), ochratoxin B (OTB),
fumonisin B, (FB,), aflatoxin B; (AFB,;) and aflatoxin
G; (AFG). The investigation was tested by incubating
the sensor in interfering agent with and without target
OTA. As shown in Fig. 4b, the currents observed from
AFB,, OTB, FB,;, AFB; and AFG; alone were almost the
same as the background signal. Moreover, the mixture with
target OTA molecules did not induce the significant change
in the resistance relative to target molecules alone. Taking
into consideration, the selectivity of electrochemical
immunosensor was acceptable.

The stability of the electrochemical immunosensor was
investigated by storing the electrode at 4 °C for 20 days. It
is found that the electrochemical signal was not obvious
change but only a 6.7% decrease of its initially currents
after 40 days storage. The reproducibility of the electro-
chemical assay was also evaluated using various batches
of immunosensors. The results indicated that the coeffi-
cients of variation of the inter-assay were 8.3%, 9.4% and
10.6% (n =3) towards 0.01 ngmL ™", 0.5 ngmL " and 5 ng
mL ™" OTA, respectively, whereas the CVs of the intra-

35
30 -
25-
20 1
15-

Current (uA)

10 4

Fig. 5 The specificity of the electrochemical immunosensor towards
AFB2, AFB2, AFG1, FB1 and OTB (100 ng mL ")

assay with various batches were 8.5%, 7.8% and 9.0%
toward the above-mentioned analyte (Fig. 5).

Recovery performance

In order to evaluate the feasibility and trueness of the
immunosensor for the analysis of real sample, the electro-
chemical immunosensor was employed for the detection of
OTA in red wine samples by using recovery test (Table 1).
Then, 0.005, 0.010, 0.100, 0.500, 1.000 and 2.000 ng mL™" of
OTA standards with various concentrations were spiked into
the red wine samples and detected by the AuPtNPs-based
immunosensor. As indicated from Table 1, the concentrations
determined by this assay were 0.00472, 0.0109, 0.095, 0.498,
0.976 and 2.1 ng mL™'. The recoveries were found to vary
from 94.4 to 109.0% and the relative standard deviation
(RSD) was in the range of 2.8-3.8%. The results showed that
the immunosensor can be employed to monitor the target OTA
in a complicated sample matrixs.

Conclusions

In summary, the work reported on a new signal-amplification
electrochemical immunosensor for sensitive monitoring of
OTA (a kind of mycotoxins used in the case) in complicated
foodstuff, coupling platinum enhancing process with nano-
zyme promoted redox cycling amplified strategy.
Experimental results indicated that multiple Pt nanocatalyst
can generate in situ on the anti-OTA-AuPtNPs-modified elec-
trode, which showed high catalytic properties for the catalytic
reduction of PNP with the aid of NaBH,. Moreover, the prod-
uct PAP can be catalytic recycled with the help of the ferro-
cene and the reducing agent, thus leading to the highly signal
amplification. With the Pt enhancing process, the signal of the
redox cycling based signal amplified strategy was highly en-
hanced due to the fact that (i) the catalytic active sites was
largely increased, (ii) more platinum nanocatalysts was grown
on the electrode, which can efficient catalytic the reduction of
PNP, thus induced the redox cycling amplification.
Nevertheless, one disadvantage of our strategy is that the long
reaction time (40 min) for the Pt enhancing process. Future
work should focus on the shorting the reaction time.

Acknowledgements This work was financially supported by the
National Natural Science Foundation of China (21505060), the
Foundation of Jiangxi Educational Committee (GJJ150327), the
Science Foundation of Jiangxi Province (20161BAB213073) and
Scientific Research Foundation of Jiangxi Normal University is gratefully
acknowledged.

Compliance with ethical standards
have no competing interests.

The author(s) declare that they

@ Springer



2452

Microchim Acta (2017) 184:2445-2453

References

10.

11.

12.

13.

14.

15.

Nielsen K, Ngemela A, Jensen L, Medeiros L (2015) UHPLC-MS/
MS determination of ochratoxin A and fumonisins in coffee using
QuEChERS extraction combined with mixed-mode SPE purifica-
tion. J Agric Food Chem 63:1029-1034

Dai S, Wu S, Duan N, Wang Z (2016) A luminescence resonance
energy transfer based aptasensor for the mycotoxin Ochratoxin A
using upconversion nanoparticles and gold nanorods. Microchim
Acta 183:1906-1916

Mahdi M, Mansour B, Afshin M (2016) Competitive immunoassay
for Ochratoxin a based on FRET from quantum dot-labeled anti-
body to rhodamine-coated magnetic silica nanoparticles.
Microchim Acta 183:3093-3099

Bazin I, Andreotti N, Hassine A, Waard M, Sabatier J, Gonzalez C
(2013) Peptide binding to ochratoxin A mycotoxin: a new approach
in conception of biosensors. Biosens Bioelectron 40:240-246
Lattanzio V, Ciasca B, Powers S, Visconti A (2014) Improved
method for the simultaneous determination of aflatoxins, ochratox-
in A, and Fusarium toxins in cereals and derived products by liquid
chromatography-tandem mass spectrometry after multi-toxin im-
munoaffinity clean up. J Chromaogr A 1354:139-143

Soleas G, Yan J, Goldberg D (2001) Assay of ochratoxin A in wine
and beer by high-pressure liquid chromatography photodiode array
and gas chromatography mass selective detection. J Agric Food
Chem 49:2733-2740

Lin L, Zhang J, Wang P, Wang Y, Chen J (1998) Thin-layer chro-
matography of mycotoxins and comparison with other chromato-
graphic methods. J Chromatogra A 815:3-20

Yang J, Chao P, Liu Y, Li R, Ma H, Du B, Wei Q (2015) Label-free
photoelectrochemical immunosensor for sensitive detection of och-
ratoxin A. Biosens Bioelectron 64:13—18

Dridi F, Marrakchi M, Gargouri M, Garcia-Cruz A, Dzyadevych S
(2015) Thermolysin entrapped in a gold nanoparticles/polymer
composite for direct and sensitive conductometric biosensing of
ochratoxin A in olive oil. Sensors Actuators B Chem 221:480-490
Novo P, Moulas G, Prazeres D, Chu V, Conde J (2013) Detection of
ochratoxin A in wine and beer by chemiluminescence-based
ELISA in microfluidics with integrated photodiodes. Sens
Actutors B 176:232-240

Taghdisi S, Danesh N, Beheshti H, Ramezani M, Abnous K
(2016) A novel fluorescent aptasensor based on gold and silica
nanoparticles for the ultrasensitive detection of ochratoxin A.
Nano 8:3439-3446

Liu J, Wang J, Wang T, Li D, Xi F, Wang J, Wang E (2015) Three-
dimensional electrochemical immunosensor for sensitive detection
of carcinoembryonic antigen based on monolithic and macroporous
graphene foam. Biosens Bioelectron 65:281-286

Kavosi B, Salimi A, Hallaj R, Moradi F (2015) Ultrasensitive elec-
trochemical immunosensor for PSA biomarker detection in prostate
cancer cells using gold nanoparticles/PAMAM dendrimer loaded
with enzyme linked aptamer as integrated triple signal amplification
strategy. Biosens Bioelectron 74:915-923

Wang Y, Wang Y, Pang X, Du B, Li H, Wu D, Wei Q (2015)
Ultrasensitive sandwich-type electrochemical immunosensor
based on dual signal amplification strategy using multifunction-
al graphene nanocomposites as labels for quantitative detection
of tissue polypeptide antigen. Sensors Actuators B Chem 214:
124-131

Fei J, Dou W, Zhao G (2015) A sandwich electrochemical
immunosensor for salmonella pullorum and Salmonella
Gallinarum based on a screen-printed carbon electrode modified
with an ionic liquid and electrodeposited gold nanoparticles.
Microchim Acta 182:2267-2275

@ Springer

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Zhao D, Wang Y, Nie G (2016) Electrochemical immunosensor for
the carcinoembryonic antigen based on a nanocomposite consisting
of reduced graphene oxide, gold nanoparticles and poly(indole-6-
carboxylic acid). Microchim Acta 183:2925-2392

Tang J, Tang D (2015) Non-enzymatic electrochemical immunoas-
say using noble metal nanoparticles: a review. Microchim Acta 182:
2077-2089

Deng W, Chu C, Ge S, Yu J, Yan M, Song X (2015)
Electrochemiluminescence PSA assay using an ITO electrode
modified with gold and palladium, and flower-like titanium diox-
ide microparticles as ECL labels. Microchim Acta 182:1009-1016
Zhang L, Sui X, Zhao L, Zhang J, Gu D, Wang Z (2016) Nitrogen-
doped carbon nanotubes for high-performance platinum-based cat-
alysts in methanol oxidation reaction. Carbon 108:561-567

Jia Q, Liang W, Bates M, Mani P, Lee W, Mukerjee S (2015)
Activity descriptor identification for oxygen reduction on
platinum-based bimetallic nanoparticles: in situ observation of
the linear composition-strain-activity relationship. ACS Nano
9:387-400

Duan J, Chen S, Jaroniec M, Qiao S (2015) Porous C3Ny4
nanolayers @N-graphene films as catalyst electrodes for highly ef-
ficient hydrogen evolution. ACS Nano 9:931-940

Dutta G, Nagarajan S, Lapidus L, Lillehoj P (2016) Enzyme-free
electrochemical immunosensor based on methylene blue and the
electro-oxidation of hydrazine on Pt nanoparticles. Biosens
Bioelectron. doi:10.1016/j.bi0s.2016.10.094

Que X, Chen X, Fu L, Lai W, Zhuang J, Chen G, Tang D (2013)
Platinum-catalyzed hydrogen evolution reaction for sensitive elec-
trochemical immunoassay of tetracycline residues. J Electroanal
Chem 704:111-117

Yang Z, Zhuo Y, Yuan R, Chai Y (2015) An amplified electrochem-
ical immunosensor based on in situ-produced 1-naphthol as
electroactive substance and graphene oxide and Pt nanoparticles
functionalized CeO, nanocomposites as signal enhancer. Biosens
Bioelectron 69:321-327

Liu L, Xia N, Liu H, Kang X, Liu X, Xue C, He X (2014) Highly
sensitive and label-free electrochemical detection of microRNAs
based on triple signal amplification of multifunctional gold nano-
particles, enzymes and redox-cycling reaction. Biosens Bioelectron
53:399-405

Akanda M, Tamilavan V, Park S, Jo K, Hyun M, Yang H (2013)
Hydroquinone diphosphate as a phosphatase substrate in enzymatic
amplification combined with electrochemical-chemical-chemical
redox cycling for the detection of E.coli O157:H7. Anal Chem
85:1631-1636

Tang J, Zhou J, Li Q, Tang D, Chen G, Yang H (2013) In situ
amplified electronic signal for determination of low-abundance pro-
teins coupling with nanocatalyst-based redox cycling. Chem
Commun 49:1530-1532

Zhang J, Ting P, Khan M, Pearce M, Yang Y, Gao Z, Ying J (2010)
Pt nanoparticle label-mediated deposition of Pt catalyst for ultrasen-
sitive electrochemical immunosensors. Biosens Bioelectron 26:
418-423

Roy R, Njagi J, Farrell B, Halaciuga I, Lopez M, Goia D (2012)
Depositon of continuous platinum shells on gold nanoparticles by
chemical precipitation. J Colloid Interf Sci 39:91-95

Qing Y, Li X, Chen S, Zhou X, Luo M, Xu X, Qiu J (2017)
Differential pulse voltammetric ochratoxin A assay based on the
use of an aptamer and hybridization chain reaction. Microchim
Acta. doi:10.1007/s00604-017-2080-z

Abnous K, Danesh N, Alibolandi M, Ramezani M, Taghdisi S
(2017) Amperometric aptasensor for ochratoxin A based on the
use of a gold electrode modified with aptamer, complementary
DNA. SWCNTs and the redox marker methylene blue Microchim
Acta. doi:10.1007/s00604-017-2113-7


http://dx.doi.org/10.1016/j.bios.2016.10.094
http://dx.doi.org/10.1007/s00604-017-2080-z
http://dx.doi.org/10.1007/s00604-017-2113-7

Microchim Acta (2017) 184:2445-2453

2453

32.

33.

Huang X, Zhan S, Xu H, Meng X, Xiong Y, Chen X (2016)
Ultrasensitive fluorescence immunoassay for detection of ochratox-
in a using catalase-mediated fluorescence quenching of CdTe QDs.
Nano 8:9390-9397

Wang C, Qian J, Wang K, Yang X, Liu Q, Hao N, Wang C, Dong X,
Huang X (2016) Colorimetric aptasensing of ochratoxin A using
Au@Fe;0,4 nanoparticles as signal indicator and magnetic separa-
tor. Biosens Bioelectron 77:1183-1191

34.

35.

Hao N, Jiang L, Qian J, Wang K (2016) Ultrasensitive electrochem-
ical Ochratoxin A aptasensor based on CdTe quantum dots func-
tionalized graphene/Au nanocomposites and magnetic separation. J
Electroanal Chem 781:332-338

Mejri-Omrani N, Miodek A, Zribi B, Marakchi M, Hamdi M,
Marty J, Korri-Youssoufi H (2016) Direct detection of OTA by
impedimetric aptasensor based on modified polypyrrole-
dendrimers. Anal Chim Acta 920:37-46

@ Springer



	In-situ...
	Abstract
	Introduction
	Experimental
	Reagents
	Preparation and biolabeling of platinum enclosed gold nanoparticles (AuPtNPs)
	Fabrication of OTA immunosensor
	Electrochemical measurement

	Results and discussion
	Characterization of signal amplified mechanism of the assay
	Electrochemical characteristic the recycling of self-product and the Pt enhancement process
	Conditional optimization
	Analytical performance of the OTA-based electrochemical sensor
	Precision, stability and selectivity of the OTA based electrochemical sensor
	Recovery performance

	Conclusions
	References


