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This paper describes the strategy of functionalization of gold electrodes surfaces in aim to obtain a new 

impedimetric immunosensor for the detection of aflatoxin B1, a common toxic food contaminant. The 

immunosensor elaboration is based on immobilization of anti-aflatoxin antibody on gold electrodes 

modified with a cross-linked film of bovine serum albumin, by a four-step protocol. The 

immunosensor is based on a simple design and requires small volumes of toxic aflatoxin solution. All 

the steps of the immunosensor elaboration and the immunochemical reaction between aflatoxin and 

antibody were followed using atomic force microscopy (AFM) and electrochemical impedance 

spectroscopy (EIS). The resistance to charge transfer (Rct) was the most sensitive parameter to 

changes induced to the interfacial properties of the immunosensor by the incubation with aflatoxin and 

varied linearly with aflatoxin concentration in the range 1-20 ng/mL. The immunosensor was applied 

for the detection of aflatoxin in spiked plant extracts with good recovery factors. 

 

 

Keywords: surface functionalization; aflatoxin B1 detection; impedimetric immunosensor; 

electrochemical impedance spectroscopy. 

 

 

1. INTRODUCTION 

Biosensors applications  nowadays concern various areas of life sciences, from the detection of 

small molecules relevant for food and the environment –such as toxins [1, 2] or pesticides [3], to 
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microorganisms [4], and viruses, [5], up to DNA hybridization, and gene sequence [6] and detection of 

molecules relevant for biomedical field-e.g glucose [7], cancer biomarkers [8, 9] etc. 

In order to build biosensors for particular applications the surface of physical transducers was 

modified by different strategies, allowing both immobilization of the specific biorecognition elements 

and sensitive detection: modification of gold surface via (poly)allylamine hydrochloride layer using 

electrostatic self-assembly technique [1], binding to the silanized surface via a cross-linker of 

glutaraldehyde [10], direct modification of glassy carbon electrode with gold nanoparticles [7], 

immobilization of enzyme using a biocompatible interface of silk fibroin [3], direct functionalization 

with biorecognition elements via formation of amine groups on the surface of GaN [11] etc.  

A wide range of techniques have been used to characterize the various steps in the construction 

of biosensors, from electrochemical methods such as cyclic voltammetry [12,13] and electrochemical 

impedance spectroscopy (EIS) [2, 9, 12] to surface plasmon resonance (SPR) [1], total internal 

reflection ellipsometry [1], atomic force microscopy (AFM) [8], scanning electron microscopy [8] and 

ToF-SIMS [14].  

In this work gold electrochemical transducers were functionalized with a cross-linked protein 

film and further modified with a specific antibody by covalent attachment, in order to obtain an 

immunosensor for aflatoxin B1. After each step in the construction of the immunosensor the electrical 

properties of the functionalized interfaces were characterized by EIS, while the topography of the 

modified electrodes was investigated by AFM.    

Aflatoxin is a naturally occurring mycotoxin produced by two types of mold: Aspergillus flavus 

and Aspergillus parasiticus. Aspergillus flavus is common and widespread in nature and is most often 

found when certain grains are grown under stressful conditions such as drought.  

More than13 different kinds of aflatoxin are produced in nature from which aflatoxin B1 is 

considered as the most toxic. While the presence of Aspergillus flavus does not always indicate 

harmful levels of aflatoxin it does mean that the potential for aflatoxin production is present.  

The aflatoxins commonly found are: AFB1, AFB2, AFM1, AFM2 and AFG1, AFG2. They had 

been worldwide studied due to their negative effects on animal and human health as well as their 

negative impact on international trade. AFB1, AFB2, AFG1, and AFG2 have been classified as group I 

carcinogens by the International Agency for Research on Cancer [15]. Among these, AFB1 possesses 

the highest carcinogenic, teratogenic, mutagenic, and immunosuppressive potential and it is found in 

the highest concentration in foods and animal feeds [16]. Since aflatoxins cannot be entirely eliminated 

from food and animal feed even by current agronomic and manufacturing processes they are 

considered inevitable contaminants. Nevertheless, current European Community legislation establishes 

that 4 µg of total aflatoxins and 2 µg of AFB1 are the maximum permitted amounts per kg in figs or fig 

products, in nuts or nut products and cereals [17].  

In liquorice root (ingredient for herbal infusion) and liquorice extracts (used in liquorice 

confectionery), the maximum allowed levels of aflatoxin B1 are fixed at 20 and 80 µg/kg, respectively, 

as European Commission (EC) Regulation No 105/2010 [18], amending Regulation 1881/2006. 

Traditional analytical methods for aflatoxins quantification are based on chromatography [19, 

20] with various detection systems. The Association of Official Analytical Chemists has adopted the 

aflatest immunoaffinity column, coupled with liquid chromatography with derivatization or solution 
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fluorimetry, as the official method for aflatoxin determination in peanut butter, corn and raw peanuts at 

a total aflatoxin concentration more than 10 µg/kg [21]. Over the past two decades the immunoassays 

used for detecting aflatoxins and aflatoxin metabolites (including ELISA and radioimmunoassay) have 

been rapidly developed because of their simplicity, sensitivity, adaptability and selectivity. With 

regards to detection, electrochemical sensors have been often employed in these assays for Aflatoxin 

B1 and other micotoxins, from simple detectors in ELISA tests [22, 23] up to biosensors based on a 

variety of materials and detection schemes [-24-31].  

Our group has developed electrochemical immunosensors, using screen-printed carbon 

electrodes (SPCEs), for determination of ochratoxin A in liquorice samples [32-34]. 

The preference for electrochemical detection systems is justified by their high sensitivity, low 

cost and compatibility with portability and miniaturization. One electrochemical method frequently 

employed with biosensors is EIS [31, 35, 36], as it determines changes in the electrical properties at 

the interface biosensor-sample solution that are associated with specific binding events due to the 

recognition between an analyte and a specific ligand. 

In this work, a simple, low-cost impedimetric immunosensor for the detection of aflatoxin B1 

was developed via the immobilization of the anti-aflatoxin B1 antibody on gold electrodes previously 

modified with a cross-linked film of bovine serum albumin. A four-step reaction protocol was tested to 

modify the gold electrode and obtain the sensing substrate. All the steps of the immunosensor 

elaboration and the immunochemical reaction between aflatoxin and the surface-bound antibody were 

analyzed using EIS, while morphological changes in the biosensing layer were determined by AFM. In 

the present work we investigated the use of impedance changes, due to the specific antigen-antibody 

reaction at the surface of the immunosensor for detecting aflatoxin B1. Specifically, the increase in 

electron-transfer resistance (Rct) at the interface was correlated with the concentration of aflatoxin in 

the range of interest. We have also applied the impedimetric immunosensor to the detection of 

aflatoxin in spiked plant extracts. 

 

 

 

2. EXPERIMENTAL 

2.1. Materials and reagents 

DRP-250AT gold printed electrodes from DS Dropsens (Spain) were used for the tests. Such 

electrodes incorporate a conventional three-electrode configuration, which consists in one disk-shaped 

gold working electrode, one platinum counter electrode and one silver/silver chloride pseudo-reference 

electrode. The working electrode has a 1.6 mm diameter and a 0.0196 cm
2
 geometrical area. 

N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide (EDC), N-Hydroxysuccinimide (NHS), 

potassium ferricyanide (K3Fe(CN)6), potassium ferrocyanide (K4Fe(CN)6), methanol 70% and 

aflatoxin B1 were purchased from Sigma–Aldrich, St. Louis (USA). Bovine serum albumin (BSA), 

crystalized, 100% from Mann Research Laboratories Division of Becton Dickinson & Co NY (USA) 

and monoclonal antibody anti-Aflatoxin B1 and antibody anti-ochratoxin A (nonspecific antibody for 

aflatoxin B1) from Novus Biologicals (Canada) were used. Sodium acetate trihydrate, acetic acid, 
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acetonitrile, ethanolamine and sulphuric acid were purchased from Chemical Company, Iasi 

(Romania). 

 

2.2. Solutions and Buffers 

BSA solution (5 mg/mL) and antibody solution (5 μg/mL) in acetate buffer (pH 5.6) were used 

in for electrode modification. 

The electrolyte used in electrochemical impedance spectroscopy and cyclic voltammetry 

measurements was 5 mM K3[Fe(CN)6]/K4[Fe(CN)6] in 0.1 M KCl. Ethanolamine solution 1 M pH 8.5, 

EDC (0.4 M) and NHS (0.1M) solutions were prepared in deionized water.Aflatoxin B1, 5 mg/mL was 

diluted in methanol 70% respecting RIDASCREEN Aflatoxin B1 30/15 ELISA kit procedure.  

Preparation of liquorice sample solution:  

Liquorice samples were provided by partners in the PLANTLIBRA European project (2010-

2014 under grant agreement n° 245199). The samples were tested by ELISA by our group using 

RIDASCREEN Aflatoxin B1 30/15 ELISA kit procedure and found to be free of AFLA B1 [33].  

The liquorice was crushed into mortar with pestle and 1 g of powder was mixed for 6 minutes 

with 5 mL of methanol 70%. The mixture was kept at rest for 5 minutes and then was filtered through 

absorbent filter paper and 0.2 μm Nylon syringe filter. This extract (stock solution) was further diluted 

1:1000 in methanol 70% in order to be used for the experiment.  

Spiked samples: A volume of 50 μL diluted plant extract (1:1000) was mixed with 50 μL 

aflatoxin in different concentrations in order to the final concentration of solutions to be 1, 5 and 10 50 

ng/mL respectively. 

Each experiment was performed three times and the measurements average was taken into 

account for data interpretation. 

 

2.3. Apparatus and methods 

Electrochemical studies. An Autolab PGSTAT100 potentiostat controlled by computer, from 

Eco Chemie (Netherlands) was used to perform the electrochemical measurements, which consisted in 

EIS and cyclic voltammetry (CV) experiments. The electrochemical impedance spectra were recorded 

at, in the frequency range from 10
4
 to 10

-1
 Hz at at 20 frequencies/decade, at the formal potential of the 

ferricyanide/ferrocyanide couple (+0.178 V vs. screen-printed Ag/AgCl), over which was 

superimposed a 10 mV sinusoidal ac potential perturbation. The readings were were plotted in the 

form of Nyquist diagrams, representing the real and imaginary parts of electrochemical impedance (Z’ 

and Z”), using the FRA 4.9 software.  

All measurements were done in 5 mM potassium ferri/ferrocyanide in 0.1M KCl, before and 

after incubation with the standard or sample solution.  

The best fitting of the experimental data was based on an equivalent electric circuit, from 

which the charge-transfer resistance, the constant phase element, Warburg resistance and the electrical 

resistance of the electrolyte were obtained. Variants of equivalent electrical circuits were tested before 
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choosing the most appropriate circuit for our experimental curves (Figure 1a, [37, 38]). For this circuit, 

using the facilities of FRA 4.9 software, we analysed each individual response for each experimental 

step and we considered the data where we obtained low Chi-square values. For each modified 

electrode, the impedance spectra were recorded before and after incubation with the standard or sample 

solution. The variation in the Rct following incubation with standard/sample was calculated as 

ΔRct=Rct(after)-Rct(before) and was correlated with the concentration of aflatoxin in the sample.  

Cyclic voltammetry experiments were performed in ferricyanide/ferrocyanide solution, with 

0.1V/s scan rate between 0.2 and +0.4V vs screen-printed Ag/AgCl. 

Atomic Force Microscopy (AFM). Topography of electrode surface was analyzed by AFM after 

each step of electrode modification. An Atomic force microscope NT-MDT Ntegra Spectra was used 

in tapping mode in air and areas of 20 μm X 20 μm were scaned at 20 nm/s. 

 

2.4. Modification of the electrode and antibody immobilization 

Dropsens gold screen-printed electrodes have been cleaned in 0.5 M H2SO4 solution by an 

electrochemical pretreatment: 10 potential cycles between -0.3 and +1.5 V / reference electrode were 

applied, with 100 mV/s scanning rate, until the clean Au surface characteristic voltammogram was 

obtained. The clean gold electrodes were modified with cross-linked films of BSA, in order to prevent 

the non-specific aflatoxin binding onto gold and allow the further antibody covalent attachment [39-

43]. A simple procedure proven to produce stable surfaces comparable with commercial functionalized 

SPR chips was used here [40]. 

A mixture of 50 µL BSA (5 mg/ mL), 20 µL EDC (0.4 M) and 20 µL NHS (0.1 M) was 

prepared and left undisturbed for 5 minutes at room temperature. After that, 10 µL of this mixture was 

dropped on the modified working electrodes and to react 30 minutes at room temperature in a dark and 

water-saturated atmosphere to prevent evaporation. The electrodes were then rinsed with a lot of water 

and dried in air jet. 

Afterwards the terminal carboxylic groups of BSA were activated by adding 10 µL EDC/NHS 

mixture (1:1) onto the electrode surface and the electrode was allowed to react at room temperature in 

darkness and humid atmosphere for 40 minutes. The electrodes were then rinsed with water and dried 

in an air jet. The next step was the antibody immobilization, performed by dropping 10 μL anti-

aflatoxin antibody solution (5 μg/mL) in 70% methanol on the modified electrode surface. The 

electrode was left undisturbed at room temperature for 1 h in darkness and humid atmosphere. After 

incubation, the electrode was rinsed with water to remove unbound antibodies and 75 μL ethanolamine 

solution (1M, pH 8.5) was dropped on the modified surface and incubated for 15 minutes to block 

unreacted active sites. These modified Ab/BSA-EDC-NHS/Au electrodes can then be stored dry at 4°C 

for several days without a decrease in the sensitivity, or can be subjected to immunochemical reaction.  

The analytical principle of this electrochemical immunoassay is shown in schematic 

representation in figure 1. 

For the aflatoxin measurements, 10 μL of either sample and aflatoxin standard solutions at 

different concentrations in methanol were pipetted on the working electrode area and allowed to 
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incubate for 45 min at room temperature in a humid and dark atmosphere. After incubation, the 

immunosensor was rinsed with a lot of water before the electrochemical measurements. 

 

 
a)                                                              b) 

 

Figure 1. a) equivalent electric circuit in EIS study and b) Schematic of the electrochemical 

immunosensor for aflatoxin B1 determination 

 

Parameters such as the incubation time (tested between 15 and 45 min) and the amount of 

antibody/electrode (tested between 10-75 µL) were optimized to obtain good analytical characteristics, 

appropriate for Aflatoxin B1 detection in real samples. 

 

 

 

3. RESULTS AND DISCUSSION 

3.1. EIS determinations  

0 2000 4000 6000 8000 10000 12000 14000

0

2000

4000

6000

8000

10000

12000

14000

Au electrode

BSA cross-linked film

Antibody

AFLA

-Z
" 

(O
h
m

 c
m

2
)

Z' (Ohm cm
2
)

    

-0.2 -0.1 0.0 0.1 0.2 0.3 0.4

-15

-10

-5

0

5

10

15

I (A)

E (V) vs Ag ref el

gold electrode

BSA/EDC/NHS

antiAFLA

AFLA 15ng/mL

 
a)                                                                     b) 

Figure 2. a) EIS Nyquist spectra in 5 mM ferricyanide/ferrocyanide in 0.1 M KCl after each step of 

electrode modification. b) Cyclic voltammograms in 5 mM ferricyanide/ferrocyanide solution 

in 0.1 M KCl recorded t 0.1 V/s after each step of electrode modification 

 

To obtain biosensors, gold electrodes are usually functionalized by self-assembled monolayers 

of thiol or by electrochemical deposition of diazonium salts [39]. A simpler, faster and robust manner 
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to functionalize gold electrodes was described recently based on a cross-linked film of BSA formed on 

a gold substrate used for SPR studies [37-40]. While cysteine groups in BSA promote the initial strong 

protein attachment to gold substrate, cross-linking by classic carbodiimide chemistry ensure the 

solidity of the formed layer. This approach was followed by us to investigate the utility of a simple 

surface functionalization strategy for immunosensing electrochemical detection of Aflatoxin B1. 

Electrochemical impedance spectroscopy can give a lot of information about the changes in 

electrical properties that appear at the interface sensor – solution during the biosensor building process 

(Figure 2). The initial empty gold electrode showed a very small semicircle domain (black diagram), 

implying an extremely low electron-transfer resistance (Rct) of the redox probe.  

After deposition of the BSA layer on the electrode, the electron-transfer resistance had a 

significant increase up to 1223 Ω·cm
2
 (red diagram), because this organic layer is negatively charged 

in the neutral electrolyte used for EIS measurements (isoelectric point for BSA is 4.7). It behaves as a 

physical and electrostatic barrier for [Fe(CN)6]
4−/3−

 anions, slowing down the ability of the redox probe 

to access the electrode surface and hindering the electron transfer kinetics between the redox probe and 

electrode. Antibody was afterwards covalently immobilized on the modified electrode and a significant 

drop in the Rct value to 285.36 Ω·cm
2
 was observed (blue diagram). It is because the covalent 

attachment of the antibody has partly neutralized the negative charge of the BSA modified electrode. 

Subsequently, the Rct increased again, up to 722 Ω·cm
2
 with addition of 15 ng/mL aflatoxin (green 

diagram) due to aflatoxin attachment to antibody bound on surface, which created an additional 

physical barrier against the transfer of electrons at the interface. The increase depended on aflatoxin 

concentration, allowing for using this immunosensor to detect the aflatoxin concentration in the 

measured sample. This behaviour is in accordance with results of other studies about biomolecular 

interactions at conductive surfaces from literature [44, 45]. 

The values of various electrical parameters derived by fitting the EIS data to the equivalent 

circuit in Figure 1a, namely solution resistance (Rs), electron-transfer resistance (Rct), constant phase 

element (Q) and Warburg impedance element (W) are shown in Table 1 for every step in biosensor 

building process.  

 

Table 1. Values of the equivalent circuit parameters for various steps of the immunosensor elaboration 

 

Modification Rs  

(Ω·cm
2
) 

Q  

(10
-6

μFcm
2
) 

n Rct  

(Ω·cm
2
) 

W  

(10
-6

 Ω·cm
2
) 

Bare electrode 

 

4.21 155 0.86 10.16 822 

BSA-cross linked 

film 

4.14 131 0.84 1223.20 689 

Anti-AFLA 

Antibody 

4.34 153 0.80 285.36 764 

AFLA  

10 ng/mL 

4.28 141 0.78 722.40 709 

 

Solution resistance and Warburg impedance represent the electrolyte properties and diffusion 

features of the redox probe, respectively, and the electrode surface modification does not affect them. 
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The constant phase element values depended very much on the dielectric constant of the layer 

separating the electrode surface and the ionic charges, the thickness of the separation layer and 

electrode surface area. Electron-transfer resistance Rct values depended on the insulating features at the 

interface between electrode and electrolyte. The changes in Rct after incubation of the modified 

electrode with aflatoxin were much larger than those in other impedance components. Thus, Rct was a 

suitable signal for sensing the interfacial properties of the prepared immunosensor during all these 

assembly procedures.  

The most obvious parameter is Rct and its variation was discussed above, but very suggestive 

is also variation of “n” parameter, that is roughness parameter [37] and that reaches “1” values for flat 

surface. During electrode modification, “n” decreases, indicating an increase in surface roughness, in 

accordance with AFM studies presented below in paragraph 3.3. This growth of active surface implies 

a growth in its electro-activity and this is the reason for that, in EIS and CV analyses, the parameters of 

modified electrode are better than the parameters of bare gold electrodes (Table 1, fig. 2).  

 

3.2. Cyclic voltammetry analyses 

The cyclic voltammettry of soluble electroactive species with fast, reversible electrochemical 

behaviour like ferricyanide provide a convenient tool for monitor the various stages of the 

immunosensor building on gold electrode. The CV-s were performed after all the step of electrode 

modification and also after toxin adding on electrod surface. Fig. 2b shows the CV-s in solution of 5 

mM ferricyanide/ferrocyanide in 0.1 M KCl, a clean gold electrode, and after modification with the 

cross-linked BSA film, after further functionalization with anti-aflatoxin B1 antibody and blocking the 

unreacted carboxylic groups with ethanolamine and finally, after formation of immunochemical 

complex with Aflatoxin B1 following incubation with 10 ng/mL Aflatoxin B1. The features of cyclic 

voltammograms- the difference between the anodic and cathodic peak potentials and the intensity of 

anodic and cathodic peak currents- are strongly affected by the deposited layers. The voltammogram 

recorded for a clean Au electrode is characteristic of a reversible electrochemical behaviour of 

ferricyanide. After modification of the electrode with the cross-linked BSA film, an obvious decrease 

of the anodic and cathodic peaks was observed, meaning the electron transfer between the redox probe 

and electrode surface was severely affected. After the Ab immobilizeation on the functionalized 

electrode surface, the peak currents of the redox couple of ferricyanide/ferrocyanide increses again, 

then the immunochemical reaction of aflatoxin B1 molecules with the antibody-functionalised 

electrode was accompanied by a decrease in the Faradaic response and an increase in the peak-to-peak 

separation between the cathodic and anodic waves of the redox probe, showing that the electron-

transfer kinetics of ferricyanide/ferrocyanide is obstructed. All the observations are in accordance with 

results of EIS analyses with the same studied electrodes. The two techniques, EIS and CV allow a 

good parallel control of the biosensor building process [46]. 
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3.3. Observation of surface electrode modification by AFM analysis 

Morphological information gives a physical picture of how the antibody and antigen molecules 

are assembled on a biosensor surface. The root mean square roughness value (RMS) of images can 

also be analysed and related to the properties of surfaces. Figure 3 shows typical AFM topographies of 

the electrode surface after each subsequent immobilization step.  

Figure 3a shows the image of a pure gold substrate with 318 nm root mean square roughness 

while figure 3b shows the electrode surface after its grafting with cross-linked BSA layer; RMS is now 

bigger (370 nm) because of covalent attachment of  big BSA molecules, but topography of the surface 

is kept. 

After further functionalization with antibody and blocking the unreacted carboxylic groups 

with ethanolamine, the surface topography changed (figure 3c) and an increase in roughness was 

observed up to a high value: RMS= 528 nm. This indicates successful immobilization of antibody on 

the electrode surface.  

After incubation with 100 ng/mL aflatoxin B1, the surface texture is changed again and this can 

be observed in Figure 3d. Surface roughness increased again, the RMS being 633 nm. 

 

 
Figure 3. Topography of the electrode surface in AFM images for: a) Au electrode; b) Au electrode 

grafted with cross-linked BSA layer; c) sensor functionalized with anti-aflatoxin B1 antibody 

(Ab/BSA-EDC-NHS/Au electrode); d) after incubation with 100 ng/mL aflatoxin B1. 
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The results of morphological analysis obtained by using AFM are similar to those reported for 

other electrochemical immunosensors in literature [46-48] and indicated the electrode surface’s 

modification for each experimental step in order to demonstrate the feasibility of the immunoassay. 

 

3.4. Biosensor calibration with AFLA B1  

To evaluate the immunochemical reaction between anti-aflatoxin and aflatoxin, we exposed the 

Ab/BSA-EDC-NHS/Au electrode to different concentrations of aflatoxin and found that the Rct values 

increased with the increase of aflatoxin addition.  
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a)                                                                     b) 

Figure 4. Calibration curve for aflatoxin B1 determination in the range 0.5-100 ng/mL (a) and 

representation of the linear range (b)  

 

The resistance to charge-transfer of modified electrodes before incubation with various 

concentrations of aflatoxin was Rct(before) =296.6±21.4 Ω. This corresponds to an RSD of 7.2 % of 

the Rct, proving the good reproducibility of the modified electrodes, especially considering that 

electrode modification was done manually. The difference between Rct values after and before 

incubation with aflatoxin ΔRct=Rct(after)-Rct(before) is considered the analytical signal. The calibration 

curve was ploted (fig. 4a) and as it can be seen in figure 4b, there is a steady linear increase in ΔRct 

(R
2
=0.9925) with the aflatoxin concentration in the range of 1-20 ng/mL. 

This linear range is appropriate for the determination of aflatoxin B1 concentration in plant 

extracts and it is quite similar to those reported in literature for other electrochemical immunosensors 

(Table 2). It is worth mentioning that other immunosensors are more complicated than this sensor as 

they use competitive detection formats, nanomaterials or signal amplification strategies. The biosensor 

reported here is based on a simple design and a direct detection scheme.  
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Table 2. Comparison of the analytical performances of the impedimetric immunosensor with other 

electrochemical immunosensors for aflatoxins reported in literature 

 
Detection method 

and  

type of electrode 

Detection scheme Analytical 

performances 

Reference 

LSV, SPCE Competitive; Anti-aflatoxin B1 antibody is 

adsorbed on the electrode. Free Afla B1 and 

biotinylated Afla B1 conjugate compete for the 

antibody; detection is done via streptavidin-ALP 

LR: 0.15-2.5 ng/mL 

DL:0.15 ng/mL 

[28] 

DPV, SPCE Indirect Competitive electrochemical ELISA; 

AFB1-BSA is deposited on the electrode. 

Detection via ALP 

LR: 0.10-10 ng/mL 

DL: 90 pg/mL 

[22] 

Non faradaic EIS, 

nanocomposite of 

reduced graphene 

oxide (rGO) with 

polypyrrole (PPy) 

and 

pyrrolepropylic 

acid (PPa)   

Direct, Anti aflatoxin B1 antibody is covalently 

immobilised on the sensor 

LR: 10 fg/mL to  

10 pg/mL 

[27] 

LSV Indirect competitive, aflatoxin B1–bovine serum 

albumin (AFB1–BSA) conjugate is immobilized 

on the electrode surface. Detection is done via 

ALP-labeled anti-mouse immunoglobulin G 

(IgG) secondary antibody 

LR: 0.1 to 10 ng/mL 

DL: 0.06 ng/mL 

[26] 

DPV, polythionine 

(PTH)/gold 

nanoparticles 

(AuNP)-modified 

glassy carbon 

electrode (GCE). 

Competitive, AFB1-BSA conjugate 

immobilised  on a HRP adsorbed on AFB1-

BSA, detection done via HRP 

LR: 0.6 to 2.4 ng/mL 

DL: 0.07 ng/mL 

[29] 

Faradaic EIS, GO-

Au, 

Direct, Anti-AFB1 Ab immobilized covalently 

on the electrode 

LR: 0.5-5 ng/mL 

DL: 0.23 ng/mL 

 

[25] 

DPV, EIS, 

GC/polyNeutral 

Red/ 

Polycarboxylated 

thiacalix[4]arene A 

Direct, AFB1 aptamer immobilized on the 

electrode 

LR (EIS, DPV): 0.03-

31 ng/mL 

DL (EIS): 0.015 

ng/mL 

DL (DPV): 0.03 

ng/mL 

[24] 

Non-faradaic EIS Direct. AFB1antibody (AFB1-Ab) immobilized 

on Pt electrodes modified with polyaniline 

(PANi) and polystyrene sulphonic acid (PSSA) 

DL 100ng/mL: (0.1 

mg/L) 

[30] 

Faradaic EIS Direct LR: 1-20 ng/mL 

DL: 0.5 ng/mL 

This work 

 

Long-term stability and operational stability are considered key factors in the biosensor 

performance and they were tested by repetitive measurements over all the concentration range 0-100 

ng/mL. The electron-transfer resistance values were reproducible and the relative standard deviation 

(RSD) was 8.5% for 10 ng/mL aflatoxin B1 concentration (n = 3). By monitoring of electron transfer 
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resistance every day, the biosensor showed good stability, 90% of its activity is retained after 4 days of 

storage dry at 4 °C, result in accordance with those reported previously in the literature [49, 50]. 

 

3.5. Biosensor specificity 

Two experiments were carried out to verify that the recorded changes in electrochemical 

impedance did not appear due to nonspecific adsorption but they were indeed caused by the specific 

interaction between aflatoxin B1 and its antibody.  

First, a “blank” sensor was fabricated using the same procedure as for the aflatoxin B1 

biosensor but using a nonspecific antibody (the anti-OTA antibody). The “blank” sensor was incubated 

with 10 ng/mL of aflatoxin B1 and its response was compared to that of the aflatoxin B1 biosensor for 

the same concentration of micotoxin (Figure 5a and 5b). The control experiments using a nonspecific 

antibody emphasized no obvious impedance spectra changes after the incubation of the “blank” sensor 

with aflatoxin B1 (Figure 5b), in contrast with the significant response recorded when using the 

aflatoxin B1 biosensor (Figure 5a).  

These results clearly confirmed that the impedance changes observed with the newly developed 

immunosensor were caused by specific interactions between aflatoxin B1 and its antibody and are not 

due to non-specific adsorption. 
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Figure 5. Nyquist plots for various concentrations of aflatoxin B1 in case of immunosensor modified 

with specific antibody (a) and response of the immunosensor modified with nonspecific 

antibody for 10 ng/mL aflatoxin concentration (b). 

 

To confirm the specificity of the newly developed biosensor for aflatoxin B1, a second 

experiment was conducted by incubating the biosensor with a different micotoxin, ochratoxin A. 

Cyclic voltammograms recorded with the aflatoxin B1 biosensor showed very small changes following 

incubation with 15 ng/mL ocratoxin A, while significant smaller anodic and cathodic peak currents and 
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larger peak separation appeared in the voltammogram recorded with the same biosensor after 

incubation with 15 ng/mL aflatoxin B1. 
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Figure 6. Cyclic voltammograms of immunosensor modified with specific anti-aflatoxin B1 antibody 

before and after incubation with either 15 ng/mL aflatoxin B1 or15 ng/mL ocratoxin A. 

 

3.6. Aflatoxin B1 detection in samples of plant extracts 

Liquorice samples were spiked with aflatoxin B1 at 1, 5 and 10 ng/mL respectively as 

described in 2.2 “Solutions and Buffers”. Next, 75 µL of each sample solution were dropped on the 

surface of anti-aflatoxin-modified electrodes and left undisturbed for 30 minutes. The aflatoxin B1 

biosensors were analysed by electrochemical impedance spectroscopy method and the Nyquist 

diagrams were recorded before and after incubation of the biosensors with the plant extracts. 

The matrix effect of diluted sample extract versus the sample without extract was analysed and 

the results showed a small standard deviation of around 0.0237 Ω cm
2
. Taking into account this matrix 

effect, the spiked samples (1, 5 and 10 ng/mL) were next analysed and the results are displayed in 

Table 3. 

 

Table 3. Recovery degree for real samples 

 

AFLA 

concentration 

(ng/mL) 

ΔRct using 

real samples 

(Ω cm
2
) 

ΔRct using 

standard samples 

(Ω cm
2
) 

Recovery 

degree 

(%) 

1 91.31±0.72 95.28 95.83 

5 121.01±1.03 119.03 101.66 

10  148.32±0.50 142.14 104.34 
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As one can see from the results shown in Table 3, the obtained recovery degree clearly certifies 

that our proposed method is reliable and useful for testing aflatoxin B1 in liquorice. 

 

 

 

4. CONCLUSION 

A new sensitive, label-free, fast and cost-effective immunosensor for aflatoxin B1 detection 

was developed. This sensor is based on a screen gold electrode, which was easily modified with a 

cross-linked film of BSA that serves as an “anchor” for the covalent immobilization of the specific 

antibody. The deposition of the protective BSA film on the gold electrode prevents the nonspecific 

binding between aflatoxin B1 and the gold surface. The specific interaction between antibody and 

aflatoxin B1 induces an increase in electron transfer resistance at the interface immunosensor-solution 

that is related to aflatoxin B1 concentration in the sample.  

Using morphological analysis (AFM) for each experimental step the modifications of electrode 

surface demonstrated the feasibility and viability of the immunoassay. The detection of aflatoxin B1 

was achieved by EIS analysis on the linear range 1-20 ng/mL and the sensor was successfully tested 

for aflatoxin B1 detection in plant extracts samples.  

Similar optimized functionalised surfaces could be developed for the detection of other 

biologically active compounds using immunosensing procedures based on detection by EIS. 
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