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ABSTRACT 

Acrylamide (AA) is a neurotoxin and carcinogen which is mainly formed in foods containing large quantities 

of starch processed at high temperatures and its determination is very important to control the quality of foods. 

In this work, a novel electrochemical biosensor based on hemoglobin-dimethyldioctadecylammonium bromide 

(HG-DDAB)/platinum-gold-palladium three metallic alloy nanoparticles (PtAuPd NPs)/chitosan-1-ethyl-3-

methylimidazolium bis(trifluoromethylsulfonyl)imide (Ch-IL)/multiwalled carbon nanotubes-IL (MWCNTs-

IL)/glassy carbon electrode (GCE) is proposed for ultrasensitive determination of AA in food samples. 

Development of the biosensor is based on forming an adduct by the reaction of AA with α-NH2 group of N-

terminal valine of HG which decreases the peak current of HG-Fe
+3

 reduction. The modifications were 

characterized by electrochemical impedance spectroscopy (EIS), cyclic voltammetry (CV), energy dispersive 

X-ray spectroscopic (EDS) and scanning electron microscopy (SEM). Under optimized conditions, the 

biosensor detected AA by square wave voltammetry (SWV) in two linear concentration ranges of 0.03-39.0 

nM and 39.0-150.0 nM with a limit of detection (LOD) of 0.01 nM. The biosensor was able to selective 

detection of AA even in the presence of high concentrations of common interferents which confirmed that the 

biosensor is highly selective. Also, the results obtained from further studies confirmed that the proposed 

biosensor has a short response time (less than 8 s), good sensitivity, long term stability, repeatability, and 

reproducibility. Finally, the proposed biosensor was successfully applied to determine AA in potato chips and 

its results were comparable to those obtained by gas chromatography-mass spectrometry (GC-MS) as reference 

method.  
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square spline regression; EJCR, elliptical joint confidence region; CV, cyclic voltammetry; OLS, ordinary least squares; RSD, 
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1. Introduction 

Acrylamide (AA, Fig. 1A) is a vinylic compound with a low molecular weight which is both colorless and 

odorless, and is highly soluble in water, easily reactive in air, and rapidly polymerizable [1]. The AA derives 

from a reaction between proteins/aminoacids (mainly asparagine) and reducing sugars which is called Maillard 

reaction [2]. In 2002, Swedish National Food Administration and Stockholm University reported the existence 

of high concentrations of AA in various foodstuffs, particularly in potato products processed at high 

temperatures [3,4]. According to the scientific reports, AA is a human carcinogen which causes neural 

destructions in people who are exposed to it [5,6]. According to the reports of Food and Agriculture 

Organization of the United Nations and World Health Organization (FAO/WHO), 0.3-0.8 μg kg
-1

 body weight
-
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1
 day

-1
 is the daily intake of AA from the foods and values higher than this can cause toxic effects on humans 

[7]. Therefore, determination of AA in foods is crucial for controlling the quality of foods. 

Too many analytical methods such as  headspace solid-phase microextraction-gas chromatography-

flame ionization detection (HS-SPME-GC-FID) [8], liquid chromatography-tandem mass spectrometry (LC-

MS/MS) [9], solid phase extraction-high performance liquid chromatography tandem mass spectrometry (SPE-

HPLC-MS/MS) [10] and HPLC-MS/MS [11] have been developed to determine the AA in foods. GC-electron 

capture detector GC-ECD [12], solid phase microextraction-GC-positive chemical ionization tandem mass 

spectrometry (SPME-GC-PCI-MS-MS) [13], GC-ion trap mass spectrometry detector (GC-IT/MS) [12], 

dispersive liquid-liquid microextraction (DLLME) followed by GC-ECD [14], reversed phase-direct 

immersion single drop microextraction-GC (RP-DISDME-GC) [15], reversed phase- HPLC-diode array 

detector (RP-HPLC-DAD) [16], and LC coupled with electrochemical detection [17] have also been developed 

to determine the AA in foods. All of the mentioned techniques are too expensive and time-consuming and in 

some of them derivatization of AA by bromination is needed which could be a source of artifacts. In addition 

to the mentioned problems, most of these techniques has a complex step for sample preparation which causes 

discrepancies between determinations. The mentioned disadvantages and, at the same time, growing demand 

for low-cost and sensitive determination of AA in food samples, has motivated the analytical chemists to 

develop novel and suitable techniques for screening this neurotoxic compound. Among the existing analytical 

techniques, electrochemical biosensors because of several advantages such as simplicity, sensitivity, 

selectivity, rapid response, simple construction, simple operation, reliability, capability of real sample analysis, 

low-cost, repeatability and reproducibility can be considered as an excellent choice for determination of AA. 

Hemoglobin (HG) is a redox active protein which involves four polypeptide chains and each 

polypeptide chain has one electroactive-Fe
3+

 heme group (Fig. 1B) [18]. The electroactivity of HG is related to 

the reversible conversion of HG-Fe
3+

 to Hb-Fe
2+

. The functional groups of HG cannot be easily oxidized or 

reduced at bare electrodes because of the very slow electron transfer process caused by the large three-

dimensional structure of the HG. Such a large structure causes unsuitable orientation of HG onto the electrode 
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surface and increases the distance between heme centers and surface of the electrode [19,20]. Slow electron 

transfer can also be caused by the protein adsorption and passivation of the electrode which has been tackled 

by modification of the electrode using a variety of electromediators such as polymer films [21,22], poly-3-

hydroxybutyrate membrane [23], carbon nanotubes [24,25], gold nanoparticles [26-32], zirconium dioxide 

nanoparticles [33] and agarose hydrogel films [34]. Development of the proposed biosensor in this study relays 

on the reaction of HG with AA which causes formation of a HG-AA adduct and can alter the electroactivity of 

HG. Therefore, by addition of AA to the medium, the adduct HG-AA is formed at the electrode surface which 

decreases the peak current of HG. Decrease of current can be regarded as the analytical signal which could be a 

great base for very selective determination of AA. 

To increase the sensitivity of the proposed biosensor towards AA determination, suitable modification 

of the glassy carbon electrode (GCE) as the platform of the biosensor must be performed. Carbon nanotubes 

(CNTs) because of their unique electrochemical and mechanical properties such as high surface area, high 

electron transfer rate, high stability and minimization of the surface fouling have received a lot of attention for 

constructing electrochemical biosensors [35]. Another class of materials for electrochemical applications is 

ionic liquids (ILs) which have excellent properties such as stability, high electrical conductivity and low vapor 

pressure [36]. Because of π-π or cation-π interaction between CNTs and IL, the CNTs-IL composite has had 

potential applications in construction of electrochemical biosensor [37]. Composite films composed of room 

temperature ionic liquids (RTILs) and CNTs are unique materials with interesting properties for fabrication of 

electrochemical biosensors [38,39]. Chitosan (Ch) as a natural biopolymer has high mechanical strength and 

excellent ability for film forming which is biocompatible, water permeable and nontoxic [39]. Ch is able to 

accumulate metallic NPs by different mechanisms such as electrostatic attraction, chelation and ion exchange. 

For improving properties of Ch its combination with other materials such as ethylene diamine [40], thiourea 

[41], CNTs [42] and functionalized ILs [43] have been reported. The ILs due to having low interfacial tension 

are able to enhance the nucleation rate which facilitates formation of smaller NPs. Electrodeposition is a very 

controllable and robust method for synthesis of metal nanoparticles (NPs) by which the size, composition, 
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density, and even the shape of NPs can be controlled via potential, concentration, time, and composition of 

metal precursor solutions [44]. Due to the interaction between components in alloy NPs they show interesting 

properties including catalytic selectivity, high catalytic activity and better resistance to deactivation in 

comparison with their corresponding monometallic components. Among different alloy NPs, three metallic 

alloys are very attractive therefore, we are going to use platinum-gold-palladium (PtAuPd) alloy NPs which 

can help to the adsorption of HG onto the biosensor surface due to the interaction between cysteine or NH
+

4-

lysine residues of HG and Au NPs [45-47]. It has been suggested by the other researchers that the 

dimethyldioctadecylammonium bromide (DDAB) is able to form an ordered bilayer structure which is suitable 

for protein immobilization and facilitates the electron transfer between protein and electrode [48-52]. 

Therefore, in order to facilitate the electron transfer and enhance the concentration of HG at the electrode 

surface, HG in combination with DDAB was dropped onto the biosensor surface.  

In this work, we are going to construct an ultrasensitive electrochemical biosensor for determination of 

AA in food samples based on the reaction of HG with AA to form a HG-AA adduct which is able to alter the 

electroactivity of HG. The platform of the biosensor is a GCE which is modified with MWCNTs-IL to increase 

the sensitivity of the developed biosensor. Ch-IL is the next layer onto MWCNTs-IL which accumulates 

metallic NPs. Then, a three-metallic alloy including Au, Pt and Pd is electrodeposited onto Ch-IL and the last 

layer includes HG-DDAB. Finally, the developed biosensor (HG-DDAB/PtAuPd NPs/Ch-IL/MWCNTs-

IL/GCE) will be applied to the determination of AA in water extract from potato crisps. Schematic 

representation of the fabrication steps of the proposed biosensor in this study is shown in Scheme 1. 

2. Experimental 

2.1. Chemicals and solutions 

AA, HG, DDAB, Ch, 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide, potassium ferrocyanide, 

potassium ferriccyanide, gold (III) tetrachloride (HAuCl4), zinc sulphate heptahydrate, palladium (II) chloride 

(PdCl2), hexachloroplatinic acid (H2PtCl6), zinc sulphate heptahydrate, dimethylformamide (DMF), acetic acid, 

sodium phosphate monobasic (NaH2PO4), sodium phosphate dibasic (Na2HPO4), phosphoric acid and sodium 
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hydroxide were purchased from Sigma. Multi-walled carbon nanotubes (MWCNTs) were purchased from Ionic 

Liquid Technologies. The other reagents were purchased from regular sources and used as received. Doubly 

distilled deionized water (DDW) was used to prepare all the solutions. Highly pure N2 was applied for 

deaeration. 

A phosphate buffered solution (PBS, 0.05 M) was prepared from NaH2PO4, and Na2HPO4 and 

phosphoric acid and sodium hydroxide were used to adjust its pH at 7.0. The redox probe solution, [Fe(CN)6]
3-

/4-
, with a concentration of 5.0×10

-3
 M was prepared in the PBS (0.05 M, pH 7.0) and used for electrochemical 

impedance spectroscopic (EIS) experiments. A stock solution of AA was prepared in the PBS (0.05 M, pH 7.0) 

with a concentration of 0.1 M, and was stored at 2 
o
C in a refrigerator. Working solutions of AA were prepared 

from its stock solution by appropriate dilutions. A stock solution of Ch (0.1%) was prepared in acetic acid 

(1.0% (v/v)) by ultrasonication for 40.0 min. The Ch-IL was prepared by addition of 2.0 µL IL into 2.0 mL Ch 

(0.1%). To prepare MWCNTs-IL, 2.0 mg MWCNTs and 2.0 µL IL were added to 2.0 mL DMF and 

ultrasonicated for 40.0 min. DDAB (0.01 M) was prepared in the DDW and ultrasonicated for 40.0 min to 

obtain a homogeneous dispersion of liposomes. HG-DDAB liposomes were prepared by mixing 250 µL 

DDAB liposomes (0.01 M) and 250 µL 0.1 mM HG in the PBS (0.05 M, pH 7.0) by ultrasonicating for 40.0 

min. A solution containing 2.5 mM HAuCl4, 2.5 mM PdCl2, 2.5 mM H2PtCl6 and 0.1 M KCl was prepared in 

the DDW.  

2.2. Instruments and softwares 

All the electrochemical measurements including voltammetric and EIS experiments were performed by an 

Autolab PGSTAT302N-high performance controlled by the NOVA 2.1.2 software equipped with an 

electrochemical cell including three electrodes: Ag/AgCl as reference electrode, Pt wire as counter electrode 

and modified glassy carbon electrode (GCE) as working electrode. The SEM images were recorded by a 

KYKY-EM 3200 scanning electron microscope (SEM). Energy dispersive X-ray spectroscopy (EDS) were 

performed for elemental analysis by an EDS-integrated Hitachi S-4800. A GC-MS system including an Agilent 

gas chromatograph 6890 (Agilent Technologies, USA) coupled to a GCT high-resolution time-of-flight mass 
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spectrometer (Micromass, UK), was used for AA determination in real samples with the aim of validating the 

developed methodology in this study. An Eppendorf centrifuge was used to centrifuging the solutions. A 

JENWAY-3345 pH-meter equipped with a combined glass electrode was applied to pH measurements. All the 

recorded electrochemical data was converted to matrices and processed in MATLAB (Version 7.14, 

MathWorks, Inc.). The computations based on asymmetric least squares splines regression (AsLSSR) and 

elliptical joint confidence region (EJCR) were performed in MATLAB environment. The known crystal 

structure of HG was obtained from the Brookhaven Protein Data Bank (PDB ID: 1GZX). The molecular 

structure of the AA was depicted by Hyperchem package (Version 8.0), and optimized by AM1semiempirical 

method with Polak-Ribiere algorithm. The Discovery Studio 2.5 was used to realize the binding mode of AA at 

the HG. All the computations were performed on a DELL XPS laptop (L502X).  

2.3. Preparation of the biosensor 

The GCE was polished by a silky pad in an alumina slurry, rinsed with water and ultrasonicated in ethanol for 

10.0 min and dried. 5.0 µL of MWCNTs-IL was dropped onto the surface of the polished GCE by a 

micropipette and dried at room temperature. To prepare the Ch-IL/MWCNTs-IL/GCE, 4.0 µL of Ch-IL was 

dropped onto the surface of MWCNTs-IL/GCE and left to be dried at room temperature. Then, the Ch-

IL/MWCNTs-IL/GCE was used as working electrode and immersed into an electrochemical cell containing 

10.0 mL of a solution consisting of 2.5 mM HAuCl4, 2.5 mM PdCl2, 2.5 mM H2PtCl6 and 0.1 M KCl where 

Ag/AgCl and Pt wire were acted as reference and counter electrodes, respectively. Electrochemical deposition 

of PtAuPd alloy NPs onto the Ch-IL/MWCNTs-IL/GCE was performed with the help of cyclic voltammetry 

(CV) by scanning potential (scan rate=0.025) from 0 to -0.5 V for 6 cycles. Finally, 5.0 µL of HG-DDAB was 

dropped on to the surface of PtAuPd NPs/Ch-IL/MWCNTs-IL/GCE and left to be dried at room temperature. 

The HG-DDAB/PtAuPd NPs/Ch-IL/MWCNTs-IL/GCE was covered and kept in a refrigerator until analysis 

time. 

2.4. Preparation of real samples 
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For preparing the real samples, two solutions (solution I and solution II) were prepared according to the 

following procedures: solution I was prepared by dissolution of 15.0 g of potassium hexacyanoferrate (II) 

trihydrate in 50.0 mL DDW. Solution II was prepared by dissolution of 30.0 g zinc sulphate heptahydrate in 

50.0 mL DDW.  

Two potato crisp samples provided by two famous Iranian brands including Maz Maz and Chee Toz 

were selected as real cases for AA determination. 50.0 g of potato crisp samples were separately crushed by a 

mortar to obtain homogeneous powders and added to 500.0 ml DDW and left to be swelled for half an hour. 

Then, the samples were kept at 60.0 
o
C and shaken for one hour and centrifuged at 6000.0 rpm for about 15.0 

min. The extraction with hexane was used to defatting the supernatant solutions. 10.0 mL of solutions I and II 

were added to the obtained aqueous solutions for purifying them and the supernatants were filtered. Finally, the 

pHs of the solutions were adjusted by the PBS (0.05 M, pH 7.0) and used for electrochemical measurements. 

3. Results and discussion 

3.1. Electrochemical characterizations of the modified electrodes by EIS and CV 
 

The EIS is a well-known and effective electrochemical method for characterizing the features of the surface of 

modified electrodes. The Nyquist plot of impedance spectra involves semicircle and linear portions in which 

the semicircle portion corresponds to the electron transfer limited process and the linear portion corresponds to 

the diffusion process. The semicircle diameter refers to the electron transfer resistance (Rct) of the electrode 

surface which can describe the interface properties of the electrode. The Rct values of the EIS curves were 

calculated by electrochemical circle fit command provided by the NOVA software. The Nyquist plots of the 

GCE, MWCNTs-IL/GCE, Ch-IL/MWCNTs-IL/GCE, PtAuPd NPs/Ch-IL/MWCNTs-IL/GCE and HG-

DDAB/PtAuPd NPs/Ch-IL/MWCNTs-IL/GCE were recorded in the redox probe solution and are shown in 

Fig. 2A. As can be seen, the EIS curve of the bare GCE (Fig. 2A, curve a) involves a big semicircle, and its Rct 

is about 14.12 kΩ. The presence of MWCNTs-IL at the GCE enhances the electron transfer rate as is obvious 

from the EIS curve of MWCNTs-IL/GCE (Fig. 2A, curve b) which its Rct has been reduced to 6.14 kΩ. By 

dropping the Ch-IL onto MWCNTs-IL/GCE surface, the Rct of its EIS curve (Fig. 2A, curve c) was increased to 
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7.98 kΩ, which manifested that the Ch had a blocking effect on the electron transfer of the redox probe. After 

electrochemical deposition of PtAuPd NPs onto the surface of Ch-IL/MWCNTs-IL/GCE, the Rct was 

dramatically decreased (1.94 kΩ, Fig. 2A, curve d) which revealed that PtAuPd NPs can provide a lot of new 

conduction pathways to facilitate electron transfer between electrode surface and electrolyte solution. After 

dropping HG-DDAB onto the surface of PtAuPd NPs/Ch-IL/MWCNTs-IL/GCE, the Rct was increased to 3.80 

kΩ (Fig. 2A, curve e) which showed that the HG can hinder the interfacial electron transfer in some extent.  

The CV was used as another efficient technique for further characterization of the modified electrodes. 

At MWCNTs-IL/GCE, the redox probe showed a CV with obviously larger peak currents (Fig. 2B, curve b) 

than those obtained at GCE (Fig. 2B, curve a), manifesting larger electroactive surface area and faster electron 

transfer for MWCNTs-IL/GCE. Recording the CV of the Ch-IL/MWCNTs-IL/GCE immersed into the redox 

probe solution showed smaller peak currents (Fig. 2B, curve c) which confirmed that Ch can hinder the 

electron transfer in some extent. After electrodeposition of PtAuPd NPs onto Ch-IL/MWCNTs-IL/GCE, peak 

potential separation decreased while peak current dramatically increased (Fig. 2B, curve d) which confirmed 

the excellent role of PtAuPd NPs in expanding the electroactive surface area and fastening the rate of electron 

transfer. When HG-DDAB was immobilized onto the surface of PtAuPd NPs/Ch-IL/MWCNTs-IL/GCE (Fig. 

2B, curve e), the peak current went down and peak separation increased which showed that the large HG 

molecules were able to block the interface in some extent and decrease the electron transfers rate. 

3.2. Characterizations of the modified electrodes by SEM and EDS 

 

In order to characterize the surface morphologies of the modification steps, the SEM images were captured 

from the surface of modified electrodes and are showing in Fig. 3. Fig. 3A shows the SEM image of 

MWCNTs-IL/GCE which confirms that the MWCNTs have been twinned around each other and attached to 

the surface of the GCE. From Fig. 3A it can be also concluded that the MWCNTs-IL homogeneously 

distributed onto the GCE surface and formed a thin layer. After dropping Ch-IL onto the MWCNTs-IL/GCE 

surface, the surface was covered by a thin film of Ch-IL which can also be confirmed by Fig. 3B. Fig. 3C 

shows that the surface has been decorated by NPs which also confirms the successfulness of electrochemical 
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deposition in synthesis of PtAuPd NPs. When HG-DDAB was immobilized onto the PtAuPd NPs/Ch-

IL/MWCNTs-IL/GCE surface, a film was formed and covered the biosensor surface as can be seen in Fig. 3D. 

Elemental compositions of electrochemically deposited PtAuPd NPs were analysed by EDS and the results are 

showing in Fig. 3E. Signature peaks for Pt, Au and Pd were observed and the weight percentage of Pt, Au and 

Pd was 33.33%, 32.68% and 33.05%, respectively, which were in good agreement with the molar ratio of metal 

precursors. 

3.3. Investigation of the pH effects  

 

The CVs of the biosensor (HG-DDAB/PtAuPd NPs/Ch-IL/MWCNTs-IL/GCE) immersed into the PBSs (0.05 

M) with different pHs in the range from 2.0 to 12.0 were recorded in the absence of oxygen by bubbling the 

solution with highly pure N2 and the results are showing in Fig. 4. As shown in Fig. 4, the CVs were negatively 

shifted with a slope of 58.0 mV/pH (inset of Fig. 4) by increasing the pH of the solutions in the range from 2.0 

to 12.0. The slope was reasonably compatible with the theoretical value of 59.0 mV/pH for reversible one 

electron transfer coupled by single proton transportation [53]. As can be seen in Fig. 4, a pair of well-defined 

and stable redox peaks was observed for HG at pH=7 (the CV in orange) which was selected as the optimized 

pH for next studies. At selected pH (pH=7), the anodic and cathodic peaks have nearly symmetric shapes, and 

both of them have equal heights which suggest that all of the HG-Fe
+3

 are reduced to HG-Fe
+2 

by forward scan 

to negative potentials and vice versa. 

 

3.4. Investigation of the scan rate effects 

 

The formal potential (E
0’

) of HG was estimated from its CV at pH=7 (see Fig. 5) as the midpoint of reduction 

and oxidation peak potentials and was to be 0.07 V which was more positive than its formal potential at a 

variety of modified electrodes reported by previous studies [54-62]. The decreased formal potential of HG in 

our work is related to the high surface activation of the biosensor. To calculate the kinetic parameters of HG, 

the effects of scan rate () were investigated as shown in Fig. 5A. The peak currents were regressed on scan 

rate values which can be observed in Fig. 5B. Regression results showed linear relationships between currents 

and  (Ipa vs. , R
2
 = 0.9961 and Ipc vs. , R

2
 = 0.9948) which confirmed that the redox reaction was a surface-
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controlled process. According to the Laviron theory, the electron transfer rate constant (ks) and the transfer 

coefficient (α) can be calculated from the variation of peak potential (Ep) vs.  according to the following 

equation [63]: 

Ep = E
0'
 + (RT/αnF) [ln (RTks/αnF) – ln]       (1) 

The α and ks of HG were estimated to be 0.39 and 5.4 s
-1 

from slope and intercept of variation of ΔEp 

(Ep-E
0'
) vs. log () (Fig. 5C), respectively. The estimated value for ks was equal or higher than the reported 

values by previous studies [54-56,61,62,64,65] which showed that the electron transfer of HG at the surface of 

the biosensor fabricated in this study was more facile than the other electrodes.  

For a reversible surface reaction, the peak current can be defined by the following equation [66]: 

2 2 / 4p cI n F A RT                    (2) 

where ν is the scan rate, A is related to the effective surface area of the electrode which is to be 0.29 cm
2 

and 

the other symbols have their conventional meaning. The cathodic peak currents were plotted vs. scan rate and 

the slope of the plot was used to estimate the surface concentration ( c ) of HG which was to be 1.5×10
-9

 mol 

cm
-2

. 

3.5. Analytical characterizations 
 

Since square wave voltammetry (SWV) has a much higher current sensitivity than CV especially for reversible 

redox reactions, it was applied to determination of AA. Under optimized conditions: step potential = -0.0025 

V, amplitude = 0.05 V, frequency = 25.0 Hz, interval time = 0.04 s and scan rate = 0.0625 V/s, the relationship 

between SWV responses and concentrations of synthetic AA samples was investigated (Fig. 6). The difference 

of peak intensities (ΔIp = I*-I, I* = peak current in the absence of AA and I = peak current in the presence of 

AA) were regressed on the concentration values of AA samples (CAA) and the results confirmed that there were 

linear relationships between I and CAA over two concentration ranges from 0.03-39.0 nM and 39.0-150.0 nM, 

as can be seen in the inset of Fig. 6. The linearity observed in biosensor responses over concentration changes 

revealed that the biosensor could be possibly applied to the analysis of real samples for AA determination. The 
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limit of detection (LOD) of the developed method was calculated according to IUPAC recommendations 

(3Sb/b, where Sb is the standard deviation (n = 6) of the blanks, and b refers to the slope of the calibration 

graph) at a concentration level of 0.01 nM. Therefore, according to the calculated LOD it can be concluded that 

the HG-DDAB/PtAuPd NPs/Ch-IL/MWCNTs-IL/GCE is highly sensitive. The response time of the biosensor 

was also investigated and the results showed that it was less than 8 s. 

3.6. Comparison with previous works reported in literature 
 

The results obtained by the proposed biosensor in this study were compared with those of previous works 

reported in the literature and are presented in Table 1. As can be seen, the proposed biosensor showed better 

results over the most of the reported methods even in comparison to chromatographic techniques. 

3.7. Interference study 
 

Studying the interfering effects of several compounds including 2-nitrobenzaldehyde, acetaldehyde, hydrazine, 

phenol, acetate, ascorbic acid, tartrate and bromobenzaldehyde which are commonly existed in food samples 

are very necessary to investigate the matrix effects on AA determination by the proposed method in this study. 

Therefore, a tolerance limit of an interfering compound was defined as the concentration which gave an error 

of 5.0 % in determination of AA at level of 30.0 nM. Afterwards, the effects of interfering compounds on AA 

determination were investigated under the optimized conditions by computing the recoveries of the AA. The 

results are shown in Table 2. As can be seen, the presences of large amounts of interfering compounds had no 

significant matrix effect on AA determination by the proposed biosensor in this study.  

3.8. Stability, repeatability and reproducibility of the biosensor 
 

Stability is one the most important characteristics of a biosensor therefore, to investigate the stability of HG-

DDAB/PtAuPd NPs/Ch-IL/MWCNTs-IL/GCE, a solution containing 30.0 nM AA was prepared in the PBS 

(0.05 M, pH 7.0) and analyzed by SWV. After two weeks, the proposed biosensor retained 95.3% of its initial 

response. After four weeks, the biosensor retained 93.7% of its original response. It was also observed that the 

stability of the biosensor could be affected by the time of immersing into the solution therefore, this parameter 

was also investigated and the results confirmed that the stability of the biosensor is highly affected by a long 
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time of immersing into the solution and the biosensor doesn’t show a good stability by immersing into the cell 

solution for more than 5.0 h. Therefore, our recommendation to tackle this challenge is to remove the biosensor 

from cell solution during the breaks between the experiments. To investigate the repeatability of the proposed 

biosensor, it was applied for ten times during a day to determine AA in the same solution used for stability 

verification and a satisfied relative standard deviation (RSD) of 2.9% which confirmed a good repeatability 

was obtained. The reproducibility of the biosensor was also investigated by recording the SWV responses of 

eight individual biosensors immersed into a solution containing 30.0 nM AA prepared in the PBS (0.05 M, pH 

7.0) and an acceptable RSD value of 3.8% was obtained which guaranteed a good reproducibility for the 

biosensor. The results mentioned above, confirmed that the biosensor response towards AA determination is 

stable, repeatable, and reproducible. 

 

 

 

3.8. Analysis of real samples 
 

To evaluate the performance of the developed biosensor for the analysis of real samples, the biosensor was 

used to determine AA in potato crisp samples using SWV technique. 5.2 mL of the solution prepared according 

to the procedure described in Section 2.4 was diluted to 10.4 mL by the addition of PBS (0.05 M, pH 7.0) and 

transferred into an electrochemical cell with Ag/AgCl, Pt wire and HG-DDAB/PtAuPd NPs/Ch-IL/MWCNTs-

IL/GCE as its reference, counter and working electrodes, respectively. Furthermore, spiked real samples were 

also analyzed to prove the practical application of the fabricated biosensor towards AA determination. Results 

of the analysis of real samples are presented in Table 3. Analysis of spiked samples showed excellent 

recoveries which confirmed the appreciable practical feasibility of the biosensor towards AA determination in 

real matrices.  

When a new analytical method is developed, its performance must be compared with a reference 

method and with regarding this important step, we also applied GC-MS for the analysis of the real samples and 

its results are presented in Table 3. To make a graphically comparison between accuracy and precision of the 
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GC-MS and the proposed biosensor, we used the EJCR test [76,77]. To achieve this goal, the predicted 

concentrations by the proposed biosensor and/or GC-MS were regressed on the nominal concentrations (added 

concentrations) by ordinary least squares (OLS). Then, the EJCR test was used to compare the calculated 

intercept and slope with their expected values (intercept = 0, slope = 1) which is also called “the ideal point”. 

Therefore, if the ellipses obtained by the EJCR include the ideal point, the predicted and nominal values are not 

significantly different. The size of ellipses refers to the precision of the method, smaller sizes confirm higher 

precisions [76,77]. Results of the EJCR test are showing in Fig. 7. As can be seen, ellipses of both methods 

contain the ideal point which confirm that both of them are accurate but, the ellipse of GC-MS is smaller than 

that of the proposed biosensor which confirms that the GC-MS precision is slightly better than the proposed 

biosensor as confirmed by the results reported in Table 3.  

According to the results obtained above, the GC-MS was slightly better than the proposed biosensor 

but, by regarding the disadvantages of the GC-MS such as cost, time and requiring a highly skilled operator, 

the proposed biosensor is suggested for the analysis of real samples towards AA determination. 

4. Conclusions 

A novel electrochemical biosensor based on formation of a HG-AA adduct for determination of AA in food 

samples was fabricated. The decrease of the peak intensity of reduction of HG-Fe
3+

 to HG-Fe
2+

 caused by 

increasing concentration of AA was used as the analytical signal. Platform of the biosensor is a GCE with 

interesting modifications (HG-DDAB/PtAuPd NPs/Ch-IL/MWCNTs-IL/GCE) to provide high selectivity and 

sensitivity, short response time, long term stability, good repeatability and reproducibility towards AA 

determination. Formation of the HG-AA adduct caused a high selectivity for the biosensor and the matrix of 

real samples had no influence on the electrochemical response of the biosensor. The presence of PtAuPd alloy 

NPs in addition to increasing the sensitivity can help to the stability of the biosensor by the adsorption of HG 

onto the biosensor surface via the interaction between cysteine or NH
+

4-lysine residues of HG and Au NPs. Ch-

IL enhances the nucleation rate which facilitates formation of smaller NPs, and MWCNTs-IL is able to 

increase the sensitivity of the biosensor. On the whole, intellectual designing the biosensor structure helped us 
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to develop a novel analytical method for sensitive and selective determination of AA in food samples which its 

results were comparable to those obtained by the GC-MS as reference method. The methodology developed in 

this study might be applied for a wide range of real samples in relation to the detection of AA. 
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Caption to figures: 

Fig. 1. (A) molecular structure of AA, (B) secondary structure of HG and (C) the computer-generated model of 

AA (shown as CPK in green) bound to 1142 heme group of HG (HG-AA adduct). 
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Fig. 2. (A) EISs and (B) CVs of [Fe(CN)6]
3-/4-

, 5.0×10
-3

 M, in PBS (0.05 M, pH=7.0) at a scan rate () of 50.0 

mVs
-1

 on (a) GCE, (b) MWCNTs-IL/GCE, (c) Ch-IL/MWCNTs-IL/GCE, (d) PtAuPd NPs/Ch-IL/MWCNTs-

IL/GCE and (e) HG-DDAB/PtAuPd NPs/Ch-IL/MWCNTs-IL/GCE. 
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Fig. 3. The SEM image of (A) MWCNTs-IL/GCE, (B) Ch-IL/MWCNTs-IL/GCE, (C) PtAuPd NPs/Ch-

IL/MWCNTs-IL/GCE and (D) HG-DDAB/PtAuPd NPs/Ch-IL/MWCNTs-IL/GCE. (D) Signature peaks 

obtained by EDS to characterize Pt, Au and Pd. 

 

 
 

 

Fig. 4. CVs of HG-DDAB/PtAuPd NPs/Ch-IL/MWCNTs-IL/GCE immersed into the PBS (0.05 M) at different 

pHs,  = 50.0 mVs
-1

. Inset plot shows variation of formal potential (E
0’

=(Epc+Epa)/2) vs. pH values. 
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Fig. 5. (A) The CVs of HG-DDAB/PtAuPd NPs/Ch-IL/MWCNTs-IL/GCE immersed into the PBS (0.05 M, 

pH=7) at different scan rates, (B) variation of peak currents vs.  and (C) variation of ΔEp vs. log (). 
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Fig. 6. SWV responses at HG-DDAB/PtAuPd NPs/Ch-IL/MWCNTs-IL/GCE upon successive additions of AA 

(0.03-150.0 nM) into the PBS (0.05 M, pH=7). Inset: the linear calibration plot of difference of peak intensities 

(ΔIp= I*- I, I*=peak current in the absence of AA and I= peak current in the presence of AA) vs. 

concentrations of AA with two linear ranges of 0.03-39.0 nM and 39.0-50.0 nM. 
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Fig. 7. Elliptical joint confidence regions (at 95% confidence level) for the slopes and intercepts of the 

regressions for AA determination in spiked real samples. Red ellipse: proposed biosensor, yellow ellipse: GC-

MS and star point marks the ideal point (0,1).  
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Scheme 1. Schematic representation of the fabrication steps of the proposed biosensor in this study. 
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                     Table 1. Comparison of the proposed biosensor with other reported methods for AA determination. 

Method Linear range  LOD Ref. 

Hba-DDAB carbon-paste modified electrode 1.3×10-11 -4.8×10-5 M 1.2×10-10 M [45] 

Hb-GNPb modified ITO glass electrode 10-8-10-5 M 4 ×10-8 M [67] 

HPLC-MS/MS 2.8×10-8-1.4×10-6 M 7×10-5 M [68] 

GC 1.4×10-6-0.01 M 8×10-4 M [69] 

GC-MS 7×10-5-7×10-3 M 2.8×10-5 M [70] 

GC-ECD 7.03×10-9-1.7×10-6 M 1.4×10-6 M [71] 

GC–PCIMS/MS 1.4×10-8-1.4×10-5 M 1.4 nM [72] 

GC-MS 7×10-4-0.01 M 1.8×10-4 M [73] 

HPLC 7×10-9-7×10-6 M 1 nM [74] 

FAAS 2.8×10-9-2.9×10-6 M 7×10-10 M [75] 

HG-DDAB/PtAuPd NPs/Ch-IL/MWCNTs IL/GCE 0.03-39.0 nM and 39.0-150.0 nM 0.01 nM This work 

                         aHemoglobin 

                     bGold nano particles 

 

 

 

 

Table 2. Effect of potential interfering ions on the recovery of the AA at level of 30.0 nM. 

 
Interfering spices  Concentration of added interfering spices  Recovery of AA (%) 
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2-nitrobenzaldehyde 10 µM 98 

Acetaldehyde 35 µM 101 

Hydrazine 5 µM 104 

Phenol 20 µM 102 

Acetate 20 µM 97 

Ascorbic acid 40 µM 100 

Tartrate 10 µM 98 

Bromobenzaldehyde 5 µM 102 

 

Table 3. Determination of AA in real samples using the proposed biosensor and GC-MS as reference method. 

 

Sample Analytical Method Detected  Added (nM) Found (nM) Recovery (%) 

Maz Maz  Proposed Biosensor N.Da 50, 120, 15, 140 50.7, 119.2, 15.06, 139.1 101.4, 99.9, 100.4, 99.36 

 

GC-MS N.D 50, 120, 15, 140 50.1, 120.2, 15.02, 140.1 100.2, 100.2, 100.1, 100.07 

 

Proposed Biosensor N.D 25, 85, 100, 10 25.03, 85.7, 99.6, 9.88 100.1, 100.8, 99.6, 98.8 

Chee Toz GC-MS N.D 25, 85, 100, 10 25, 85.1, 100.4, 9.92 100.0, 100.1, 100.4, 99.2 
aNot detected. 

 

HIghlights 

 The bare GCE was used as the platform of the biosensor. 

 Modification of the bare GCE was performed using proper modifiers.  

 Modifications were characterized by CV, EIS and SEM. 

 The biosensor was successfully applied to determination of acrylamide in food samples. 

 The results of the fabricated biosensor were comparable to those obtained by the GC-MS. 

 

 




