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Abstract
This work deals with the development of an impedimetric immunosensor sensitive to horse immunoglobulin 

G. The biosensing platform involve the electrodeposition of polyaniline onto screen-printed carbon electrode as 
electrochemical transducer matrix. Cyclic Voltammetry and Scanning Electron Microscopy were used to monitor 
the formation of the recognition layer through the immobilization of anti-horse IgG antibodies on the conductive 
polymer. Electrochemical Impedance Spectroscopy (EIS) was performed to test the specific detection of horse 
serum in PBS buffer, indicating that the immunosensor was sensitive to the target analyte and without any response 
to heterologous sera (swine and bovine). The constructed sensors were first tested with PBS homogenates of 
commercial samples of raw ground horsemeat, pork and beef diluted at 10-5, 10-4 and 10-3% w/v in PBS. The total 
time for performing the test was approximately 72 minutes and a selective response of the device is obtained with 
a 0.004% limit of detection.

Keywords: Horsemeat adulteration; Immunosensor; Electrochemi-
cal Impedance Spectroscopy

Introduction
Food fraud is an illegal intentional practice that involves mainly the 

addition of adulterant-substances, counterfeiting and the mislabelling 
of food products [1]. Meat products are a special target for adulteration, 
in which the manufacturers replace high-cost species for low-valued 
ones aiming economic gain, because of its traditional presence in 
human diet as a major protein source [2]. The magnitude of the impact 
caused by this criminal act reflects on high economic losses, consumers’ 
confidence and health risks (since the fraudulent substance can be an 
allergen for a population group) [3-5].

In January 2013, the horsemeat scandal (also named “horsegate”) 
in Europe drew great attention worldwide to the importance of meat 
adulteration screening. In this incident, the Food Safety Authority of 
Ireland denounced the presence of undeclared horsemeat in extensive 
amount of beef and pork products of European suppliers [6]. Horsemeat 
is used instead other meats due to its low-cost of production (e.g. the 
price per ton of horsemeat is estimated to be approximately USD 1,300, 
while the same amount of beef cost around USD 5,300). In most of 
cases, horses are slaughtered at the end of their lives or when they suffer 
some diseases, when the market do not recognize potential economic 
application or nutritional value on their meat [7]. As consequences, 
the global market suffered a huge economic recession, bovine products 
underwent a price increase of 45% between 2008 and 2012 and the sales 
of ready-made beef meals significantly decreased in the same year [1].

In this context, many techniques have been developed for 
authentication of meat products based on their physical, chemical, 
optical and biochemical properties, such as ELISA, chromatography, 
DNA-based assays, mass spectrometry and fluorescence spectroscopy 
[8-10]. Despite efficient and sensitive, these methods are laborious, 
expensive, time-consuming, sophisticated, demand highly trained staff 
and are difficult to use in online applications [11-13]. 

In this regard, immunosensors based on the Electrochemical 
Impedance Spectroscopy (EIS) are promising candidates for meat 
speciation. The impedimetric immunosensors are a subcategory of 
biosensors that combine the great specificity of the antibody-antigen 

bonds with the high sensitivity of a non-destructive electrochemical 
technique [14]. Furthermore, among the advantages of the technology 
of biosensors, the easiness-to-perform, not requiring highly specialized 
staff, possibility of miniaturization, possibility of performing real-time 
detection and the low cost are particularly very propitious features for 
application in food authenticity [15-17].

 A typical impedimetric immunosensor consists of a conductive 
transducer matrix onto which a layer containing immobilized 
antibodies as elements of recognition will bind a target analyte, causing 
changes in the dielectric properties at the interface between electrode 
and electrolyte [18,19]. Herein, as a strategy for horsemeat adulteration 
screening, we immobilized goat anti-horse Immunoglobulin G (IgG) 
on the surface of screen-printed carbon electrodes (SPCEs) containing 
conductive polyaniline (PANI) to monitor the variations of impedance 
caused by its exposition to the target analyte.

Materials and Methods
Apparatus and chemicals

Triplicate electrochemical tests were carried out using a Princeton 
Applied Research VersaSTAT 3 potentiostat/galvanostat (Ametek 
Scientific Instruments, Canada) interfaced with the VersaStudio 
software. The measurements were performed using SPCEs immersed 
in an electrolyte containing 0.01M PBS buffer (pH 7.4) and 0.1M KCl 
at room temperature. The SPCEs were purchased from Pine Research 
Instrumentation and are consisted of a carbon working electrode 
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(model RRPE1002C, 5 x 4 mm), carbon as a counter-electrode and an 
Ag/AgCl reference electrode.

Ultraviolet-visible spectroscopy (UV-VIS) was performed using a 
Cary series UV-VIS-NIR spectrophotometer (Agilent Technologies). 
The scanning electron microscopy (SEM) images were recorded using 
a Quanta 3D FEG microscope.

Phosphate saline buffer (PBS), glutaraldehyde (25%) and bovine 
serum were purchased from Sigma-Aldrich (USA). Potassium chloride 
was obtained from Fisher Scientific (Belgium). Aniline (purity ≥ 99%) 
was acquired from Alfa Aesar and sulfuric acid 98% was purchased 
from Anachemia (Canada). Lyophilized whole horse serum, whole pig 
serum and goat anti-horse polyclonal immunoglobulin G (IgG) were 
purchased from MP Biomedicals (Fisher Scientific, Canada). Casein 
of high purity grade was purchased from Amresco (USA). Ground 
horsemeat, pork and beef were purchased from the local market of 
Quebec City (Quebec, Canada). All solutions were prepared with 
ultrapure deionized water with an 18 MΩ.cm resistivity.

Functionalization of the SPCEs for recognition of horse IgG

Prior to functionalization, the SPCEs were treated in 0.05 M 
sulfuric acid by cycling potential from -2.5 to +2.5 V vs Ag/AgCl at 
50 mV.s-1. This method is an effective, simple and cheap procedure 
to remove organic contaminants from the carbon ink, improving its 
electroactivity and increasing its surface roughness [20].

Afterwards, PANI was electrodeposited on the pretreated SPCE 
to improve its electrical conductivity. The polymerization was carried 
out by Cyclic Voltammetry (CV), scanning 15 cycles from -0.4 to 1.0 
V vs Ag/AgCl at 50 mV.s-1 in an aqueous solution of 0.1M aniline 
containing 0.1M H2SO4 [21]. We studied various concentrations of 
aniline to obtain PANI as an electrochemical transducer matrix for 
application in an immunosensor and we found that 0.1 M is an ideal 
concentration because it improves the electroactivity of the electrode 
and consequently the sensitivity of the device.

Subsequently, 30 µL of an aqueous solution of 1% v/v glutaraldehyde 
was deposited on the working electrode, which was kept in this solution 
for 1h. After, the SPCEs were washed with 0.01 M PBS (pH 7.4) to 
remove the nonbonding aldehydes. Then, a 100 µg.mL-1 solution of anti-
horse antibodies was added to the surface for 1h, when the electrode 
was newly washed with PBS. Finally, they were incubated in a 1% w/v 
casein solution in 0.01M PBS to block possible remaining reactive sites 
present on the surface, avoiding unspecific cross-reactions.

Characterization of the biosensor

CV was used to the electrochemical monitoring of the 
functionalization steps to obtain the biosensor, which was performed as 
a single cycle from -0.4 to 1.0 V vs Ag/AgCl at 50 mV.s-1. The structural 
modifications on the SPCE surface due to functionalization were 
also inspected by SEM with an acceleration voltage of 5 kV. Energy 
dispersive X-ray spectroscopy (EDX) coupled with SEM equipment 
was recorded to inspect the effect of the acid pre-treatment in the SPCE.  

Electrochemical sensing of horse IgG

Detection of horse IgG in buffer solution: Horse serum was 
diluted in 0.01M PBS (pH 7.4) to obtain the homologous analyte 
solutions at the following concentrations: 1 pg.mL-1, 10 pg.mL-1, 100 
pg.mL-1, 1 ng.mL-1, 100 ng.mL-1 and 1 µg.mL-1. The biosensor was 
exposed to 30 µL of the mentioned solutions during 20 minutes. After 
each incubation, the biosensor was gently washed with 0.01M PBS in 

order to remove unbound and physically adsorbed molecules from the 
electrode surface. 

Electrochemical Impedance Spectroscopy (EIS) was performed 
in 0.01M PBS containing 0.1M KCl as supporting electrolyte. A 
perturbation amplitude of 10 mV around the Open Circuit Potential 
(OCP) was applied in a range of frequencies varying from 10 kHz to 100 
mHz. The EIS data were fitted to an electrical equivalent circuit with the 
commercial software Zview (Scribner and Associates, version 2.9b).

To test the selectivity of the biosensor, the impedance response 
with other meat species was also investigated. For this purpose, the 
device was incubated in heterologous swine and bovine sera at the 
same concentrations and experimental conditions.

Detection of horse IgG in commercial raw meats: In order to 
evaluate the capability of the biosensor to recognize the target analyte 
in real samples, the device was exposed to horsemeat, pork and beef. 
To accomplish this, the commercial ground meats were diluted in 
0.01M PBS (pH 7.4) to the final concentration of 1% w/v. Each buffered 
solution was then homogenized for 30 minutes by using a VWR vortex 
mixer. Then, the solutions were centrifuged at 10,000 x g for 15 minutes 
at room temperature. The supernatant was collected and filtered using 
a 0.45 µm filter.

To estimate the concentration of proteins [P] extracted from the 
horsemeat, pork and beef by using the previous protocol and based on 
equation 1 [22], the absorbance of each sample was measured by UV-V 
is spectroscopy at 280 nm (A280) and 260 nm (A260) with a path length 
fixed at 1 cm.

[P] = 1.55A280 - 0.76 A260			                                          (1)

The centrifuged and filtered samples were diluted 1,000; 10,000 and 
100,000 times in 0.01M PBS. To perform the detection tests, 30 µL of 
meat solution was dropped on the working electrode of the biosensors 
and the impedance measurement was performed after 20 minutes 
incubation period.

Results and Discussion
Characterization of the immunosensor by CV

CV was employed to inspect the interfacial electrochemical 
characteristics of the SPCE during the functionalization. Figure 1 

Figure 1: Cyclic voltammogram of the stepwise functionalization of SPCE to 
develop the horsemeat biosensor obtained at a scan rate of 50 mV.s-1 in 0.1M 
KCl (pH 7.4).
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shows that the electrode suffered significant changes due to each step 
of its modification. The as-received SPCE exhibited a very low value 
of current due to the low electroactivity of carbon. After treating the 
electrode via cycling in sulfuric acid at extreme potentials, the material 
is activated by the removal of organic compounds of its surface. The 
application of high anodic and cathodic potentials on the electrode 
provokes the oxygen and hydrogen evolve from the carbon surface 
improving its heterogeneous electron transfer kinetics [20,23], which 
causes an increase of its electrical charge. 

After the electropolymerization of PANI, the electron transfers 
remarkably increased, due to its high electroactivity. The PANI 
conjugated backbone structure comprised of alternating single and 
double bonds along its chain facilitates the electron transfer thorough 
the extended π network and provides its semiconductor features [24]. 
Furthermore, the redox peaks observed in the voltammogram can be 
associated to the different oxidation states of PANI. Leucoemeraldine 
is the fully reduced state, pernigraniline is the fully oxidized state and 
emeraldine corresponds to the partially oxidized form, whose doped 
state (emeraldine salt) is the most interesting one for electrochemical 
applications because it is the only electrically conducting phase [25]. 

When PANI was exposed to the glutaraldehyde solution, the redox 
peaks height decreased due to the crosslinking reaction between the 
amino terminal groups from the polymer and the –CHO group of the 
aldehyde [26]. Next, the exposition to antibodies and casein caused new 
decreases of the overall voltammetric signal, because of the insulator 
behavior of these organic compounds, which block the path of electron 
transport and hinder the faradaic reaction rates [27,28].

Characterization of the immunosensor by SEM-EDX

The morphology of the SPCE is a very important parameter 
for developing the biosensor, mainly because it is related to the 
available surface area for antibody binding, consequently affecting the 
performance of the device.

Figure 2a shows that the bare SPCE has porous with higher 
roughness and contains some isolated graphite flakes on the surface. 
After the acid treatment (Figure 2b), the electrode seemed to suffer a 
subtle removal of the small particles with consequent greater exposition 
of graphite. 

The EDX spectrum shown in Figure 3 indicates that the SPCE 
is mainly composed of carbon, oxygen, chlorine and sodium. The 
presence of sodium and chlorine are probably related to the insertion 
of additives in the carbon ink [29]. Despite the manufacturers do not 
provide details about ink composition due to proprietary information, 
it is known that it contains not only graphite but also solvents and some 
polymeric binders [30]. After the acid treatment, the main observed 
alteration was the introduction of hydroxyl groups on the SPCE surface 
due to the application of extreme potentials, which can be verified by 
the significantly increase of the oxygen peak.

Figure 4a depicts the morphology of PANI electrodeposited onto 
the treated SPCE, which is in agreement with the results reported 
by other authors [31,32]. The polymer was obtained as a spongy, 
porous and branched film with high surface area and interconnected 
fibers network. Although the glutaraldehyde attachment did not 
cause an obvious change in the electrode structure (Figure 4b), the 
immobilization of anti-horse IgG could be noted in Figure 4c. The 
attached antibodies were present as some small protein clusters on the 
PANI fibers, whose size could not be accurately measured since the 
length of an antibody is supposed to be around only 11 nm [33,34]. 

Finally, it is shown in Figure 4d that the electrode containing casein 
became brighter and changed the texture of the material with respect 
to the previous step, confirming the efficiency of the blocking. EDX 
was not employed as a technique for studying the modifications caused 

Figure 2: SEM image of the SPCE before (a) and after (b) acid treatment 
using CV.

 
Figure 3: EDX spectrum of the SPCE before and after the acid treatment 
using CV. The inset shows the spectrum in the lower energy region (up to 
0.35 keV).

Figure 4: SEM images of the treated SPCE modified by the deposition of PANI 
(a), glutaraldehyde (b), anti-horse IgG (c) and casein (d).
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in these functionalization steps because its depth resolution is not 
expected to provide enough information about the surface alterations 
caused by the biomolecules immobilization.

Immunosensor padronization: horse serum IgG detection

Aiming to assess the capability of the biosensor to detect the 
target analyte (horse IgG), it was assayed with horse serum at various 
concentrations. Figure 5 shows the impedance spectrum obtained 
before and after the exposure of the biosensor to the solutions 
containing horse serum diluted in PBS buffer. The Nyquist plot is a 
typical form to represent EIS data and it is represented as a correlation 
between the real (Z’) and the imaginary (Z”) impedances. In this type of 
representation, the semicircle diameter relates to the electron transfer 
limited processes and the linear part at the low frequencies region 
corresponds to diffusion-limited processes [35]. The interpretation of 
impedance plots provides useful information about interface properties 
of an electrode and allows inferring about the presence of adsorbed 
substances at the surface [36].

Briefly, it is possible to observe that the semicircle diameter 
increased with increasing horse serum concentration. However, to 
quantify the impedimetric response of an electrochemical system, 
the EIS data is generally fitted with an equivalent circuit comprising 
electrical elements such as resistors, capacitors and/or inductors. The 
inset in Figure 5 represents the equivalent circuit used to model the 
impedance data. 

This model (Randles equivalent circuit) consists of an electrolyte 
resistance (Re) in series with a constant phase element (CPE) associated 
in parallel with the pair charge transfer resistance (Rct) and Warburg 
impedance (Zw). The CPE is used instead a pure capacitor due to the 
inhomogeneneity of the electrode surface, which can cause coupling of 
the solution resistance and the irregular distribution of the capacitance 
over the electrode [37]. The Rct is related to the semicircle diameter 
of the Nyquist plot and represents the barrier to the electron transfer 
over the conductive PANI transducer. This element is commonly 
monitored as a useful parameter to evaluate the performance of 
Faradaic biosensors because it is significantly affected by the interaction 
of antigen-antibody at the electrode surface [38-40]. In this work, the 
condition of chi-squared χ² < 10-3 [41-43] was employed as a criterion 
for validating the proposed Randles circuit, which was satisfied when 
fitting all the experimental measurements. 

Validation of impedance data by Kramer’s-Kronig transform

In order to validate EIS data, Kramer’s-Kronig (K-K) transform 
was employed to evaluate whether the designed biosensor was affected 
by extrinsic factors. This method is based on the Linear Systems 
Theory, which examines if a certain system is sufficiently linear, causal 
and stable to confirm the robustness of the impedance result [44].  The 
K-K method consists in calculating the values of Z’ by means of the 
experimental Z” and the theoretical Z” values from the experimental 
Z’ according to the respective equations 2 and 3, in which “ω” is the 
angular frequency of the input voltage. 
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Figure 6 presents the Bode diagram of the experimental EIS data 

 
Figure 5: Nyquist plot of the immunosensor before and after the exposure to 
horse serum at various concentrations in PBS buffer.

 
Figure 6: Bode diagram of both experimental and K-K transform plots of the 
horsemeat biosensor.

and the associated K-K transform plots with respect to the magnitude 
of impedance (|Z|) and the phase angle (-ϕ). The curves are practically 
superimposed, which indicates the goodness of fit of the K-K transform 
to the experimental data, confirming that the biosensors developed for 
testing the sensitivity against horse serum and the selectivity against 
swine and bovine sera were not affected by external factors but only by 
changes in the electrode-electrolyte interface.

Analysis of the sensitivity and selectivity of the biosensor to-
wards horse serum in buffer solution

The impedance data were interpreted with respect to the variation 
of Rct when the biosensor was exposed to horse, swine and bovine sera 
diluted at various concentrations in PBS buffer. ΔRct was calculated as 
the difference between the Rct obtained after and before the exposition 
of the biosensor to each serum solution.

As seen in the calibration plot (Figure 7), a progressive increase 
of Rct was observed only when the biosensor was exposed to its 
homologous (horse) serum, thus demonstrating the formation of the 
immunocomplex between the antigen (horse IgG) and the antibodies 
immobilized as units of recognition on the electrode surface. 
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Figure 7: Calibration curve of the immunosensor exposed to horse, swine and 
bovine serum at various concentrations in PBS buffer.

The impedimetric immunosensor responded linearly towards the 
logarithm of the target analyte concentration, indicating that there is 
a strong relationship between the concentration of horse serum [Shorse] 
(g.mL-1) and the ΔRct (Ω.cm²) according to equation 4. 

∆Rct = 0.92266ln[Shorse]+30.32904                                                      (4)

Contrarily, when the heterologous swine and bovine sera were 
kept in contact with the electrode, a random variation of Rct was 
observed, which indicates there was no recognition of analyte in these 
solutions. A t-Student test with 95% confidence level revealed that 
there is no significant difference among the impedance increase of the 
immunosensor exposed to the horse serum at 10-12 g.mL-1 and to the 
swine (p = 0.46) and bovine (p = 0.07) sera at the same concentration. 
For this reason, the linearity of the impedimetric response was 
considered at the concentration range from 10-11 g.mL-1 to 10-6 g.mL-

1. Table 1 presents the coefficients of logarithmic regression (R²) with 
respect to the impedance response of the immunosensor exposed to 
horse, swine and bovine sera at the mentioned concentrations.

Analysis of commercial meat samples

For further evaluation of the biosensor, the recognition capability 
against the target analyte in real commercial raw meats was evaluated. 
The biosensor was exposed to solutions at unknown concentrations of 
horsemeat, pork and beef purchased from local market. After estimating 
the concentration of proteins in the commercial meat solutions at 
1%w/v by UV-VIS spectroscopy, the following values were found: 3.44 
x 10-4 g.mL-1 (horsemeat), 2.65 x 10-4 g.mL-1 (pork) and 2.65 x 10-4 g.mL-

1 (beef). The samples were diluted one thousand, ten thousand and a 
hundred thousand times before the exposure to the biosensor. Figure 8 
presents the resultant impedance response of the biosensor reacted to 
real samples at the three concentrations.

The impedance data obtained by testing the biosensor against real 
sample of horsemeat were better adjusted to a linear regression plot 
following the equation 5 (R² = 0.9578), in which [Mhorse] (g.mL-1) is the 
concentration of horsemeat. 

∆Rct = 4.0 x 105 [Mhorse] + 0.25984                                                              (5)                              

The presence of interferers in the real samples, such as the nutritional 

components (fat, vitamins, inorganic salts, etc) probably affected the 
biosensor performance by preventing the target analyte to bind the 
units of recognition present in the electrode surface. The impedimetric 
response in real sample was lower than the ones obtained for all sera in 
buffer solution. This fact indicates that the meat components hinders 
the capability of the antibodies binding molecules independently 
whether they are the target analyte or unspecific compounds. 

Concerning the time to perform the EIS test, to record the 
impedance measurement it was necessary 1.87 ± 0.49 min, which 
corresponds only to 3.37% of the total time related to the other steps 
(preparation of the meat sample, incubation period of the biosensor 
and OCP monitoring). Thus, the total time of approximately 72 
min for performing the entire test could be consistently reduced by 
optimizing the protocol to extract the meat samples and/or the period 
of incubation in the analyte solution.

Limit of detection (LOD) of the proposed immunosensor

The LOD is defined as the lowest detectable concentration of an 
analyte in a sample. The resultant signal from the exposure to the 
analyte at the LOD (xL) can be expressed as a function of the mean 

of the blank measurements ( blx ) and its standard deviation ( blσ ) 

according to eq.6 [45], where “k” is a factor equal to 3.3 related to the 
confidence level for estimating LOD [45].

 L bl blx x k= + σ 	                                                                      (6)

Based on the equations 4, 5 and 6, it was possible to estimate 
that the LOD of the immunosensor is 27.6 fg.mL-1 towards the horse 
serum diluted in buffer solution and 1.54 µg.mL-1 of horsemeat, which 
represents a percentage concentration of 0.004% w/v of proteins in 
horsemeat solution. This LOD is lower than those reported in the 
literature by detecting the presence of various species in meats using 

Horse serum Swine serum Bovine serum
R² (-) 0.995 0.0211 0.0126

Table 1: R² value related to the logarithm fit of the correlation between ΔRct and 
concentration of horse, swine and bovine serum diluted in PBS buffer. 

Figure 8: Calibration curve of the immunosensor exposed to horsemeat, pork 
and beef solutions diluted 1,000; 10,000 and 100,000 times.
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mass spectrometry (0.24%) [46], ELISA (0.6 - 0.01%) [47,48] and 
DNA-based assays (0.1%) [49,50].

In order to consider adventitious presence of other species 
contaminants, the Food Standards Agency [51] considered that the 
products containing less than 0.1% of a mislabelled meat contaminant 
can be considered equivalent to zero (fraud absence). From 1%, it 
should be considered the possibility of adulteration or negligence. 
Notwithstanding, the presence of beef or pork traces must be informed 
in the product label so as to protect religious faiths [52,53].

Conclusions
This work reported the development of an impedimetric 

immunosensor for specific detection of horsemeat as a technology 
for screening meat adulteration. For this purpose, polyaniline 
electrodeposited on the surface of SPCEs served as the conductive 
matrix. CV and SEM/EDX analysis confirmed the functionalization of 
the polymeric transducer substrate by the immobilization of anti-horse 
IgG antibodies on the electrode surface. EIS technique was validated 
by using K-K transform, which proved that the impedance data were 
consistent and stable. When exposed to horse serum diluted in PBS 
buffer, the developed immunosensors were very sensitive and selective 
exclusively towards the target analyte at various concentrations (with 
LOD equal to 27.6 fg.mL-1), not presenting significant variation of 
Rct to swine and bovine sera. The proposed device was also capable 
of recognizing the target analyte in real samples. The exposure 
to horsemeat at 10-5, 10-4 and 10-3 %w/v caused successive linear 
increases in the Rct due to the recognition of horse IgG in the samples. 
The immunosensor did not detect the presence of target analyte in 
commercial pork and bovine meat homogenates and presented a LOD 
of 0.004% w/v. From the perspective of assay time, it was necessary 
approximately 70 minutes to perform the whole detection test, of which 
the obtaining of EIS data demanded only 3.37%. To fully assess the real 
application of the proposed impedimetric immunosensor, future tests 
should focus on evaluating the effect of not only raw but also cooked 
meat on its performance, the stability of the sensor over long periods 
of storage and the presence of the target analyte as a contaminant at 
various concentrations in real samples.
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