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A label-free electrochemical impedance
immunosensor for the sensitive detection of
aflatoxin B

Liguo Chen®®, Jianhui Jiang®, Guoli Shen®, Rugin Yu®"

Because of the potential health impact of aflatoxin B1 (AFB,), it is essential to monitor the level of this
mycotoxin in a variety of foods and agricultural products. In this paper, a novel immunosensor for the
rapid detection of AFB, based on label-free electrochemical impedance spectroscopy (EIS) monitoring
was achieved. The immunosensor was fabricated by stepwise immobilization of 1, 6-hexanedithiol,
colloidal Au, and aflatoxin B,-bovine serum albumin conjugate (AFB,-BSA) on a gold electrode via self-
assembling technique. The interfacial properties of the modified electrodes were evaluated using
Fe(CN)¢*"™* redox couple as a probe via cyclic voltammetry (CV) and EIS. An equivalent circuit model
with a constant phase element was used to interpret the obtained impedance spectra. The impedance
via the specific immuno-interaction at the sensor surface was utilized to detect AFB, in samples. Under
the optimized conditions, the impedance increment was linearly related to the AFB, concentration in
the range of 0.08 and 100 ng mL™ with a detection limit of 0.05 ng mL™ (S/N = 3) and a correlation

coefficient of 0.9919.

1 Introduction

The aflatoxins , primarily produced by Aspergillus flavus or
Aspergillus parasiticus, are widely found in food crops including
grains, cereals, peanut products, sorghum, and soy seeds'. In
particular, aflatoxin B; (AFB;) (Figure 1), a commonly occurring
toxin aflatoxin, is one of the most potent carcinogens with potential
hazards to human and animal health’. Owing to the risk of
aflatoxins, the current maximum tolerable levels for aflatoxins
issued by the European Commission are 2 ng g for AFB, and 4 ng
g’l for total aflatoxins (AFB;, AFB,, AFG; and AFG,) in corn,
groundnuts, nuts, dried fruit and cereals® *. For such a low content,
developing simple, selective and sensitive analytical methods to
detect the trace amount of AFB; in foodstuffs and feeds is an
extremely important issue.

During the past two decades, various analytical techniques have
attracted increasing attention to the determination of aflatoxins such
as thin layer chromatography (TLC)’, gas chromatography coupled
with mass spectrometry (GC/MS) and high-performance liquid
chromatography (HPLC)®!!, capillary electrophoresis (CE)"%, and a
variety of immunoassay methods"'®. These methods are highly
sensitive and specific, but are often complicated and time-
consuming, or need some secondary antibodies, or rely on expensive
instruments or skillful operators. For example, among the
conventional ~ immunoassay  methods, the enzyme-linked

This journal is © The Royal Society of Chemistry 2013

immunosorbent assays (ELISA)'® is undoubtedly the most frequently
applied one.

Figure 1.Chemical structure of AFB,
Nevertheless, there are some limitations of ELISA such as
depending on some complicated enzyme labeling procedure and
specific reagents of synthesized redox-labeled detection probes,
consequently preventing its widespread use in common practice.
Thus, there is an urgent demand for ultra sensitive methods of
immunoassay. Label-free electrochemical immunosensors'’** can
offer advantages over chromatographic procedures or ELISA. They
have been reported to be a very attractive approach for detecting
affinity interactions by monitoring changes of electronic or
interfacial properties generated by the immunocomplex formation on
the electrode surface. Sun et al.*> described a simple, highly
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sensitive, label-free, and mediatorless approach for fabrication of
impedimetric immunosensor based on immobilization of anti-MCLR
on gold electrode. Qiu et al.** designed a label-free amperometric
immunosensor based on the chitosan-branched ferrocene and gold
nanoparticles for detecting hepatitis B surface antigen. Radia and
coworkers® prepared a novel label-free electrochemical
impedimentary immunosensor for sensitive detection of ochratoxin
A. Tt is widely accepted that the impedance sensing is a very good
choice for biological binding events with fast, simple and the low-
cost characteristics. However, This method has seldom been applied
in detection of AFB, up to now.

The current work focused on development of a label-free
impedimentary immunosensor to determine AFB, level. The results
revealed that the sensitivity could be substantially improved via the
self-assembled colloidal. Under the optimized conditions, there was
a good linear relationship between impedance increment and the
concentration of AFB; in the range of 0.08 and 100 ng mL™'. The
detection limit can reach as low as 0.05 ng mL™". Our method is a
very promising alternative in the determination of AFB.

2 Experimental sections

2.1 Chemicals

Aflatoxin B; (AFB,;), Aflatoxin B,(AFB,), Aflatoxin M; (AFM,),
Aflatoxin M, (AFM,), AFB;-bovine serum albumin (BSA)
conjugate (AFB;-BSA) and the monoclonal anti-Aflatoxin B1 (from
mouse) were provided by Sigma-Aldrich Co. (St. Louis, MO, USA).
Bovine serum albumin (BSA) was provided by Beijing Zhongshan
Golden Bridge Biotechnology Co., Ltd (Beijing, China). 1,6-
Hexanedithiol was obtained from Fluka. HAuCl4*3H,0 and
trisodium citrate were obtained from Shanghai Chemical Reagents
(Shanghai, China). The phosphate buffer solution (PBS) used was a
10 m mol L' Na,HPO,~KH,PO, solution of pH 7.4. The
K;3[Fe(CN)¢]/K4[Fe(CN)g] mixture solution (1:1, 5 mmol L) used in
electrochemical measurements were prepared by using 10 mmol L™
PBS (containing 0.1 mol L' KCI, pH 7.4). All other chemicals were
of analytical grade and used as received. Doubly distilled water was
used throughout all the experiments.

2.2 Apparatus

The instruments used for cyclic voltammetry (CV) and
electrochemical impedance spectroscopy (EIS) measurements were
carried out on a CHI 660a working station (CH Instruments,
Shanghai, China) in conjunction with a computer. Throughout all the
experiments, a three-electrode system was used, with a fabricated
electrode (a gold disk electrode, 4 mm diameter) as a working
electrode, a saturated calomel electrode (SCE) as a reference
electrode and a platinum electrode as an auxiliary electrode.
Impedance measurements were performed in the frequency range
from 0.1 Hz to 10,000 Hz. All potentials were measured and
reported versus the SCE, and all measurements were carried out in a
25-mL cell at room temperature.

2.3 Synthesis of Gold Nanoparticles

All glassware used for gold nanoparticle synthesis were thoroughly
cleaned in freshly prepared aqua Regia (three parts of HCI plus one
part of HNO3), followed by extensive rinsing with doubly distilled
water. Gold nanoparticles were prepared according to the literature®
with a slight modification. Briefly, 1 mL of 1.0% trisodium citrate
was added into 100 mL of 0.01% HAuCl, the mixed solution was
refluxed under stirring, and then the mixture was kept boiling for
another 10 min. While the solution color turned to deep wine red, the
heating continued for 15 minutes and the heater was removed. The
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mixture was stirred continuously until it was cooled to room
temperature. Colloidal Au solution thus prepared was stored in a
brown glass bottle at 4 “C for use.

2.4 Fabrication of immunosensor and Measurement procedure

First, the gold electrode was polished with a 0.05 pm alumina
powder and successively soaked into water, ethanol and water for 5
min each under ultrasonic agitation. Then, the gold electrode was
dipped in “piranha” solution (H,SO4H,0,, 7:3 by volume)
(Warning: Piranha solution reacts violently with almost all organic
materials and must be handled with extreme caution!) for 30 min and
electrochemically treated by cycling the potential between -1.0 and
+1.55 V in 0.1 mol L H,SO, for 10 min. After that, the electrode
was washed with doubly distilled water and dried in a nitrogen
stream at room temperature®®. The prepared bare electrode was
placed in a freshly made 2.5 mmol L' 1,6-hexanedithiol solution in
ethanol. After adsorption for 4 h, the electrode was thoroughly
washed with ethanol and water to remove physically adsorbed 1,6-
hexanedithiol and dried at room temperature. Subsequently, the
electrode was immersed in the Au nanoparticle solution overnight in
a refrigerator. After sufficiently rinsing, the electrode was incubated
in an AFB;-BSA solution for 4 h at room temperature in order to
adsorb enough immuno-antigen on the electrode, and then it was
rinsed thoroughly with 10 m mol L' PBS to remove the unstable
AFB|-BSA on the electrode surface. To block the possible remaining
active sites and avoid the non-specific adsorption on the electrode
surface, the electrode was dipped in a 5.0% BSA solution for 30 min
at room temperature. Finally, the immunosensor obtained was rinsed
with water and PBS (pH 7.4) to remove the physically adsorbed
molecules and stored in PBS at 4 °C when not in use.

For the measurement, antigen and antibody with different
concentrations were dissolved in 10 mmol L' PBS (pH 7.4). After
50 min incubation at 37 °C, the resulting electrode was washed with
doubly distilled water and PBS, separately. The impedance changes
of the immunosensors were measured in a solution of 5 mmolL™"
K3[Fe(CN)o]/K4[Fe(CN)4] (1:1, containing 0.1 molL™" KCI, pH 7.4)
mixture solution.(Scheme 1)

HS(CHy)gSH VWSH o colloid sotution MASIIC T
S(CHy)s WAsH - ; W T
VW\sH ® ™Y

Au electrode

W@ Antigen (O W@ i>— —<O
Wg... ———» W@+  —<O
® Antibody < W. > —<O

Scheme 1. Schematic illustration of the process of immobilization of
immunoantigen onto the gold electrode and the immunoreactions
procedure

3 Results and discussion

3.1 Electrochemical characteristics of the modifying process

The electron-transfer behaviors for the AFB; immunosensor by self-
assemble technique in preparation processes were performed by
cyclic voltammetry. Figure 2 shows the typical CV of the fabricated
AFB, immunosensor in the presence of 5 mmolL"
ferrocyanide/ferricyanide mixture (1:1) solution containing 10
mmolL" PBS (pH 7.4) and 0.1 molL™' KCI. As can be seen, Figure
2a depicts an intact pair of redox peaks for the CV of the bare Au
electrode. The immobilization of 1,6-hexanedithiol on the gold
electrode leads to a significant decrease in peak current of the redox

This journal is © The Royal Society of Chemistry 2012
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probe (Figure 2b). The formation of insulating film partially blocked
the electron-transfer of [Fe(CN)s]>™* to the modified electrode.
When the Au nanoparticles were modified onto the electrode
surface, a slight increase of the current response can be found in
Figure 2c. It indicates that the Au nanoparticles can enhance the
efficiency and rate of electron transfer at the electrode surface. As
expected, the subsequent chemical binding of the AFB;-BSA
induces an obvious reduce of current response in the electrochemical
signal (Figure 2d), exhibiting that the immobilization of the AFB,-
BSA builds up an almost insulating layer on the Au electrode and
hinders the interfacial electron transfer.

60

40 A

-40

-60 T T T T T

-8 -6 -4 -2 0.0 2

potential(V vs. Ag/AgCl)
Figure 2. Cyclic voltammograms of SmM Ky[Fe(CN)4]/K;[Fe(CN)g]
(1:1) in PBS (0.IM KCI, pH 7.4) after different steps of
modification; (a) bare gold electrode; (b) 1,6 hexanedithiol/gold
electrode; (c¢) Au-colloid/1,6 hexanedithiol/ gold electrode; (d)
AFB-BSA (10 1 g mL")immobilized gold electrode. Scan rate:
100mVs 'vs.SCE.

4

3.2 Electrochemical impedance characteristics of the modifying
process

Electrochemical impedance spectroscopy is one of the most effective
methods to investigate the interface features of surface-modified
electrodes and has been extensively developed in the field of
immunosensors’”?. A typical shape of a Faradic impedance
spectroscopy usually includes a semicircle portion and a straight line
one. The semicircle portion is found at higher frequencies
corresponding to the electron transfer limiting process, and the linear
portion is found at the low frequencies resulting from the diffusion
limiting step of the electrochemical process, respectively. As shown
in Scheme 2, the impedance spectroscopy was represented as an
equivalent circuit®.

B AVATAY ]

R, Zy Ry
Ca1

|

Scheme 2. Equivalent circuit to fit the impedance spectroscopy in
the presence of redox couples: R, resistance of the electrolyte

This journal is © The Royal Society of Chemistry 2012
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solution; R, electron-transfer resistance; Z,,, Warburg impedance;
Cgi, double-layer capacitance.

The equivalent circuit includes the ohmic resistance of the
solution resistance (Rs), the Warburg impedance element (Zw), the
double layer capacitance (Cdl) and the electron transfer resistance
(Ret). The two components, Rs and Zw, represent bulk properties of
the electrolyte solution and diffusion feature of redox probe in
solution, respectively. Accordingly, these parameters are not affected
by the electrochemical reaction occurring at the electrode surface.
Cdl and Ret depend on the dielectric and insulating features at the
electrode/electrolyte interface, respectively.

Figure 3 shows the electrochemical impedance spectroscopy for
each step to reflect the procedure of the immunoassay. As shown in
Figure 3, the Faradic impedance spectroscopy on a bare gold
electrode reveals a straight line (curve 3a), implying that the
electron-transfer process is not a limiting step of the electrochemical
process. The Au-colloid/1,6-hexanedithiol/gold electrode, curve 3b,
the semicircle diameter increases obviously indicating a lower
electron-transfer resistance at the electrode interface. With the
immunocomplex formation on the electrode (curves 3¢ and 3d), the
semicircle diameter increases apparently compare with curve 3b,
illustrates the AFB;-BSA and BSA film was successfully
immobilized on the electrode surface. After immunoreactions
results in a remarkably increase in the semicircle diameter of the
impedance spectrum (curve 3e), implying the interfacial electron-
transfer rate on electrode increases remarkably. The increase of
diameter of the semicircle confirms that the immunoreactions were
successfully completed on the electrode surface. When AFB, exists
in solution, the concentration of free antibody decrease, which leads
to the reduction of the antibody volume combined on AFB;-BSA
surface and the corresponding electrochemical impedance of the
immunosensor. All the impedance measurements were performed in
the presence of a redox probe Ky[Fe(CN)g]/K;[Fe(CN)g] at the
scanning frequencies from 0.1 to 10 kHz.

4000

7"(Q cm?)

0 2000 4000 6000 8000 1000012000

Z'(Q cm?2)

Figure 3. Nyquist diagram of electrochemical impedance
spectroscopy for the immunosensor electrode at a potential +0.24 V
vs. SCE: (a)Bare Au electrode;(b) Au-colloid/1,6-hexanedithiol/gold
electrode; (c¢) AFB;-BSA immobilized electrode; (d) After immersed
in BSA; (e) Resulting electrode after immunoreaction at 37 -C. All
the measurements were carried out in 10 mM PBS (containing 0.1M
KCl, 5 mM Ky[Fe(CN)s)/K;3[Fe(CN)g], pH 7.4) and the data were
recorded in the frequency range from 0.1 Hz to 10 kHz.

3.3 Optimization of the experimental conditions

3.3.1 Influence of pH on the AFB;-BSA adsorption onto the
colloidal Au-modified electrode

J. Name., 2012, 00, 1-3 | 3
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The configurations and electrostatic states of proteins usually depend
on the medium pH, so that the pH value should be of great
limportance in the proteins immobilization process. Figure 4 shows
the effects of pH of adsorbing AFB;-BSA onto the colloidal Au-
modified electrode was tested over a pH range from 4.5 to 10.0..As
manifested in Figure 4, an optimum relationship between the
impedance change of the resulting electrode and the pH of the PBS
was observed at around pH 7.4, which was used in all experiment.

2800

2600

2400

2200 +

2000

ARet ( Q cm?2)

1800 +

1600 T T T T T T

pH
Figure 4. Effect of the pH for the immobilization of AFB;-
BSA on the impedance change. For optimization, in the
experiment, the AFB; antibody dilution ration at 1:4000 and 0.5 ng
mL™" AFB,; was applied and the incubation time was 40 min
(n=3,error bar represented R.S.D.).

3.3.2 Effect of incubation time on the antibody immobilization

As seen in Figure 5, the incubation time for immunoassay was
investigated as a factor influencing the transducer performance.
When incubation time was over 50 min, the impedance changes did
not increase further, indicating that the immunoreaction on the
electrode was almost completed. Therefore, the immunochemical
incubation time of 50 min was selected to evaluate the analytical
performance of the sensor in all the subsequent assays.

3000

2800

2600

2400

2200

2000

1800

ARet (Q cm?2)

1600 -

1400 -

1200 T T T T T T T

Incubation Time /min
Figure 5. Effect of the incubation time of the immunoreaction on the
resulting electrode. Incubation time from 20 min to 80 min. In this
experiment, the AFB, antibody dilution ration at 1:4000 and 0.5 ng
mL~" AFB,was utilized (n=3,error bar represented R.S.D.).

3.3.3 Effect of the AFB; monoclonal antibody concentration

The effect of antibody concentration of the immunosensor in the
immunoreaction was also investigated. The relation between the

4| J. Name., 2012, 00, 1-3

impedance changes caused by the immunoreaction and the dilution
ratio of antibodies was shown in Figure 6. One can observe that the
impedance changes decrease with the AFB; monoclonal antibody
titer up to 1:20000 and then decrease distinctly at higher dilution
ratios. Because the number of adsorptive sites is limited, saturated
binding of AFB; could be reached by increasing AFB; antibody titer.
Higher titers of antibodies might presumably result in increased
disorder in the alignment of adsorbed AFB; antibody and spatial
hindrance of immunoreaction. Thus, the AFB; antibody
concentration of 1:20000 titer was recommended for all the
subsequent experiments.

4800

4600 -

4400 -

4200 -

4000

3800

3600

ARet (Q cm2)

3400

3200 +

3000

1/2000  1/4000 1/10000 1/20000 1/30000 1/60000 1/80000

Dilution ration of antibodies
Figure 6. Relationship between the dilution ratio of antibodies and
the impedance changes caused by the immunoreaction (n=3,error bar

represented R.S.D.).

3.4 The detection of AFB;

55
5.0
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Figure 7.Impedance changes (AR,) vs the logarithm of the AFB,
concentration. All the measurements were carried out in 10 mM PBS
(containing 0.1M KCl, 5 mM Ky[Fe(CN)s)/K;[Fe(CN)g], pH 7.4)
and the data were recorded in the frequency range from 0.1 Hz to 10
kHz. Inset: Linear relationship between the impedance changes (A
Ret ) and the logarithm of the different concentration of the AFB;.
Error bars are the standard deviation of the mean n=3.
r?=0.9919.(n=3,error bar represented R.S.D.).
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The electrochemical impedance immunosensor was applied to the
detection of AFB; in samples to test its performance. Figure 7
illuminates the impedance changes (ARet) responses to the specific
immunointeraction on the sensing interface plotted versus the
logarithm value of concentration of AFB,. The Ret decreased clearly
with the increase of the concentration of AFB;, revealing the
interactions between antibodies and antigens took place
corresponding linearly to AFB;. A linear relation between the
relative responses of the electron-transfer resistance and the
logarithmic value of concentrations was observed in the range from
0.08 ng mL™' to 100.0 ng mL™". And the response equation was
shown as ARet (KQ cm?®) = 4.09 — 0.332 logC (ng mL™") and a
correlation coefficient was 0.9919 (n = 6) (S/N=3) (The inset in
Figure 7). The detection limit (three times the signal to noise ratio)
of the immunosensor was about 0.05 ng mL™".

3.5 Reproducibility and Recovery of the modified electrodes

To investigate the immunoassay reproducibility of the sensor
fabricated with the label-free method, the various concentrations of
AFB; in the linear detection range were determined with the same
electrode or different electrodes. The maximum relative standard
deviations were 9.4% (n = 6) for intraassay and 10.8% (n = 6) for
interassay.

To demonstrate the applicability and reliability of the
immunosensor prepared using the present procedure, the recovery
experiment of different AFB; concentration was performed. As seen
in Table 1, recovery in the range of 88.0-112% with the relative
standard derivation of 5.2-9.6% was achieved with all the
measurements carried out four times.

Table 1 Recovery studies of rice samples using immunoassay for

AFB;
Sample NO.  Added AFB, Found AFB,” Recovery (%) RSD (%)
(gmL)  (ngmL")
1 0 0 / /
2 25 22 88.0 59
3 12,5 114 912 9.0
4 50 522 104 75
5 100 99.0 99.0 8.8

*Each of the samples was evaluated in triplicate tests, and each of
the results in Table 1 is the average of three parallel experiments.

3.6 Control experiments

To evaluate the selectivity of the proposed immunoassay, control
experiments were performed using the other aflatoxins (AFB,,
AFM,;, AFM,) for comparison with AFB;. These drugs belonged to
the class of the afaltoxins and were dissolved in PBS (pH7.4). These
different immunosensors were used to detect 50 ng mL~' AFB,
separately, the alternation antigen using the same method. The
results of the study showed that the Ab was relatively specific for
AFB; with cross-reactivity of 11% for AFM;, of 10% for AFM,, and
of 40% for AFB,. The experimental results obtained indicate that the
proposed sensor has reasonable specificity to AFB, as applied to the
selective determination of the target analytes.

3.7 Agricultural sample analysis

The feasibility of the newly developed label-free immunoassay for
possible applications was investigated by analyzing the agricultural
samples, such as mouldy rice, mouldy corn and groundnuts samples.
The samples were collected and the extraction procedure was
performed as described by the literature'*. Table 2 lists the AFB,

This journal is © The Royal Society of Chemistry 2012
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level determination results and the relative deviations of the
proposed label-free immunoassay method as compared with the
conventional AFB, analysis method in foods, ELISA. As can be
seen in Table 2, the results of both methods were in reasonable
agreement, suggesting that there is no difference of significance
between the two methods and using the label-free immunosensor for
the determination of AFB, concentration in foods and agricultural
products is feasible.

Table 2. The results of AFB, level determination for two methods-
the studied one and the ELISA one.

Samples mouldy rice mouldy corn Groundnuts
extract extract extract
By the proposed method (ng 25.1 52.3 8.60
mL™")
By ELISA method (ng mL ™) 243 51.9 9.10
Relative deviation (%) 2.29 5.43 3.99

* Each of the samples was evaluated in triplicate tests, and each of
the results in Table 2 is the average of three parallel experiments

4 Conclusions

In this work, a novel label-free impedance immunosensor for the
direct detection of AFB; in foodstuffs is described. Compared with
the conventional detection methods, the immunoassay was simple to
perform and had a high selectivity in the detection of AFB,, without
any redox probe or enzyme labeling. The reliability and applicability
of directly detecting the antibody-antigen interaction by EIS
measurement were also demonstrated. The results of the
immunoassay for AFB, in foods were satisfactory. As expected, the
proposed immunoassay has a great potentiality to be a new
alternative method for the detection of AFB, in foods and
agricultural products.
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