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A B S T R A C T

A novel impedimetric sensor for the determination of tyramine (Tyr), a biogenic amine, on the surface of gold
nanoparticle-poly-(8-anilino-1-napthalene sulphonic acid), AuNP-PANSA modified gold electrode (AuE) is pre-
sented for the first time. The AuNP were successfully synthesized by a green synthesis method. Their char-
acterization and optimization were conducted using X-ray diffraction, scanning electron microscopy, trans-
mission electron microscopy, electrochemical impedance spectroscopy and cyclic voltammetry. Under optimal
conditions, the impedimetric sensor revealed a relatively broad linear range from 0.8 to 80 µM similar to more
complex architectures found in the literature and the limit of detection of 0.04 µM was the lowest achieved until
now. In order to test the reliability of the proposed method, real sample application studies were conducted
using dairy products and fermented drinks. It was found that the sensor presented a good selectivity and re-
covery. Furthermore, the impedimetric sensor shows good reproducibility, stability, selectivity and very small
interferences which augur well for its application in food safety control processes.

1. Introduction

Biogenic amines are usually used as quality markers of foods be-
cause of their impact on human health; if present in food at high
concentration levels they can cause illnesses, such as hypotension,
migraine, and diarrhoea [1–3]. Tyramine (Tyr) is a well-known bio-
genic amine produced by the decarboxylation of the amino acid tyr-
osine, which occurs by degradation resulting from microbial activity.
It is often found in fermented foods and beverages, meat, fish, seafood
and dairy products [4,5]. Tyr is an indirectly acting sympathomimetic
amine which releases norepinephrine from a sympathetic nerve
ending, and it has been reported that Tyr-containing foods can cause
unnatural and toxic effects when ingested in large quantities [5].
Analytical methods for the determination and quantification of Tyr in
food samples described in the literature, include high performance
liquid chromatography (HPLC), hyphenated with mass spectroscopy
detection, high performance capillary electrophoresis (HPCE), mass
spectrometry, real-time polymerase chain reaction (real-time-PCR).
Electrochemical detection is promising due to its unique character-
istics as well as rapid response, low cost, and high sensitivity and
specificity [6–11].

Intrinsically conducting polymers (ICPs) are useful materials for
applications in electronics, electrochemistry, and sensors [12,13].
Among the ICPs, polyaniline and its derivatives have attracted much
attention due to a good combination of properties such as excellent
electrical conductivity, ease of preparation, low cost, and sufficiently
good stability [14]. Poly-(8-anilino-1-naphthalene sulphonic acid)
(PANSA), represents a new class of ICPs with improved redox activity
and conductivity, and is obtained from the oxidation of the bifunctional
monomers with -NH2 and –OH. In both organic and acid media, poly-
merisation occurs via the amine groups [15]. When the ICPs are com-
bined with other nanostructures such as metallic nanoparticles, the
performance of the final nanocomposite can be further improved, since
the individual properties of both constituents will be present in the new
material configuration. In particular, attachment or incorporation of
gold nanoparticles (AuNP) into such polymer films enhances the elec-
tron transfer between the redox centres and electrode surfaces making
the nanocomposite ideal for sensor applications [16–18].
In this work, a novel and simple preparation method has been de-

veloped for the construction of the first sensitive impedimetric sensor
based on gold nanoparticle doped-PANSA on a gold substrate for de-
tection of Tyr. Previous work dealt with the development of an
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amperometric biosensor for Tyr using tyrosinase on a glassy carbon
electrode [19]. Electrochemical deposition of poly-(8-anilino-1-naph-
thalene sulphonic acid) together with attached AuNP on gold electrodes
(AuE) by polymerisation of the monomer and gold nanoparticles aims
at developing a sensitive and easily fabricated electrochemical sensor
for Tyr detection. The analytical performance of the impedimetric
sensor, stability, and selectivity was investigated, together with opti-
mization of parameters that influence Tyr detection, such as applied
potential and pH. Finally, the impedimetric sensor was applied to the
determination of the Tyr content in food products.

2. Experimental

2.1. Material and reagents

Tyramine, 99%, gold (III) chloride trihydrate (HAuCl4·3H2O), 8-
anilino-1-naphthalene sulphonic acid, 97% (ANSA) were purchased
from Sigma-Aldrich. For the electrochemical experiments, the Britton-
Robinson (BR) buffer supporting electrolyte was prepared by mixing
phosphoric acid, acetic acid and boric acid (all solutions of 0.04M) and
adjusting the pH with 0.2M sodium hydroxide. All reagents were of
analytical grade and were used without further purification.
Millipore Milli-Q nanopure water (resistivity ≥ 18MΩ cm) was

used for the preparation of all solutions. All experiments were per-
formed at room temperature (25 ± 1 °C).

2.2. Instrumentation and methods

A gold electrode (AuE) (geometric area 0.00785 cm2) or AuE mod-
ified with AuNP, PANSA or AuNP-PANSA was used as working elec-
trode, a platinum wire as counter electrode and an Ag/AgCl (3M KCl)
electrode as reference. Voltammetric experiments were performed
using an Ivium CompactStat potentiostat (Ivium Technologies, Utrecht,
Netherlands). Electrochemical impedance measurements were carried
out with a Solartron 1250 Frequency Response Analyser coupled to a
Solartron 1286 electrochemical interface using ZPlot 2.4 software
(Solartron Analytical, UK). A sinusoidal voltage perturbation of am-
plitude 10mV rms was applied in the frequency range between 65 kHz
and 0.1 Hz with 10 frequency steps per decade. The pH measurements
were carried out using a glass electrode pH meter model Crison Micro
pH 2001 (Crison Instruments, S.A., Barcelona, Spain) at room tem-
perature. The XRD studies were carried out with an X-ray powder dif-
fraction system (Siemens D5000, Bruker-AXS, Karlsruhe, Germany), Cu-
Ka radiation ((λKα1 =1.5406 Å) in the 2θ range available, 0.5–130°,
with a voltage of 40 kV and current 40mA. Scanning electron micro-
scopy (SEM) (model JSM-5310, JEOL, Co., Japan) was used for the
characterization of the AuNP and the morphology of the polymer and
nanocomposite films.

2.3. Synthesis of gold nanoparticles (AuNP)

AuNP were made by a green synthesis method by the addition of
purified juice of C. sinensis [20]. Squeezing was used to extract ap-
proximately 10mL of the juice, which was then strained through a fine-
mesh sieve to separate the solid parts from the liquid. The liquid extract
was centrifuged at 14,000 rpm for 30min to remove all undesired
material in suspension and leave a clear solution. A volume of 50mL of
a solution containing 1mM of HAuCl4·3H2O was brought to the boil on
a hot plate with constant stirring, and then 5mL of the purified liquid
extract from C. sinensis was added. The hot plate was then turned off but
stirring was continued for 5min until the colour change from yellow to
colourless and finally to intense red. This colloidal solution was cen-
trifuged at 14,000 rpm for 20min to precipitate the gold nanoparticles.
The solid was then re-dispersed in 50mL of Milli-Q water, resulting a
concentration of 197mg L−1 for the gold nanoparticles.

2.4. Preparation of the modified electrodes

The PANSA and AuNP-PANSA films were prepared by electro-
chemical polymerisation of ANSA on the AuE from a solution con-
taining 0.1M of the ANSA monomer in 0.5M H2SO4; in the latter case,
the solution also contained a previously prepared colloidal solution of
AuNP which was added to the solution of the corresponding monomer
in the volume ratio 1:3 (v/v), leading to a dilution of ANSA monomer to
0.075M. The mixture was sonicated for 5min in order to guarantee a
better homogeneity and a good dispersion of the AuNP in solution.
Solutions were degassed with N2 for 20min and the polymer grown on
AuE by potential cycling in the range 0.0–1.1 V vs Ag/AgCl at a scan
rate of 50mV s−1 for seven cycles. An N2 blanket was maintained on
top of the cell solution during the polymerisation process [14]. AuE was
also modified with only AuNP by drop casting 2 μL of the colloidal
solution on the electrode substrate.
Similar PANSA and AuNP-PANSA films were prepared on carbon

film electrodes in order to use for the characterization by SEM.
The modified electrodes were left to dry at room temperature before

further use.

2.5. Sample preparation

In order to evaluate the practical application of the proposed
method, AuNP-PANSA/AuE was used to determine Tyr in dairy pro-
ducts and fermented drinks, obtained commercially in a local super-
market. Sample preparation is described below.
A yogurt sample of 2.5 g was accurately weighed and diluted in

20mL of 0.1M BR buffer (pH 7.0). The same quantity of Roquefort
cheese was weighed and treated in a similar way by adding the same
amount of buffer; it was then homogenized until obtaining a milky-
looking solution. Yogurt and cheese dispersions were centrifuged at
14,000 rpm for 20min and the supernatant collected and stored at 4 °C
before use.
A volume of 200 μL of Pilsen-type beer was degassed in an ultra-

sonic bath for 10min in order to eliminate the gas and avoid the ex-
cessive formation of foam during manipulation and analysis which may
compromise the measurements.
The wine did not require any kind of preparation and was used as

received without pre-treatment.

3. Results and discussion

3.1. Preparation of poly(8-anilino-1-naphthalene sulphonic acid) (PANSA/
AuE) and gold nanoparticle doped-poly(8-anilino-1-naphthalene sulphonic
acid) (AuNP-PANSA/AuE)

Fig. 1A and B show cyclic voltammograms (CV) corresponding to
the formation of PANSA and the nanocomposite AuNP-PANSA films,
respectively, on the gold electrode during 7 potential cycles. The good
growth of both polymer film and nanocomposite was successful as seen
from the well-defined voltammograms and increases in current in
successive cycles. Both PANSA and AuNP-PANSA present one redox
couple, the associated peak currents for growth of AuNP-PANSA being
lower than of PANSA. This can be attributed to the lower monomer
concentration after addition of the gold nanoparticle solution. The
ANSA was polymerised from a solution of 0.1M ANSA, whilst the
AuNP-PANSA was made from 0.075M ANSA. The rate of polymerisa-
tion was also slightly different. The deposition was very fast at the
beginning for PANSA and then slowed down while for AuNP-PANSA the
deposition rate is almost constant during the entire polymerisation
process, which could be attributed to easier diffusion of monomer in
solution at lower concentration. However, even though slightly less
polymer is deposited and the rate of deposition changed, the aggrega-
tion of the AuNP compensates it, which leads to a higher electro-
chemical response. Furthermore, as will be seen below, this did not
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affect the good performance of the nanocomposite. The midpoint po-
tential between the anodic and cathodic peaks is almost constant:
Emid,PANSA ≈ 465mV and Emid,AuNP-PANSA ≈450mV. The anodic and
cathodic peaks increased in height in each of the first 5 cycles in-
dicating successful electrodeposition. However, after the 5th cycle, the
cathodic peaks begin to decrease in height while the anodic peaks shift
slightly to more positive values with an increasingly slower rate of
electrodeposition. This has been attributed to the steric and inductive
effect of the naphthalene sulphonic acid moiety [14,21]. There is also
an increase in peak separation for both PANSA and AuNP-PANSA, in-
dicating less reversible behaviour with increase in film thickness.

3.2. X-ray diffraction of the gold nanoparticles

The colloidal solution of gold nanoparticles was dropped on glass
slides and dried in an oven at 60 °C and after subjected to XRD analysis.
Gold nanoparticles synthesized from C. sinensis, showed Bragg reflec-
tion peaks at 36.4°, 44.3°, 64.9°, and 77.8° for 2θ between 30° and 90°
which can be indexed to the (111), (200), (220) and (300) planes, see
[19], of face-centred cubic gold crystals (JCPDS), 04–0784, evidencing
the crystalline nature of the synthesized AuNP. The peak corresponding
to the (111) plane is more intense than the others suggesting its pre-
dominance on the exposed faces. Similar results were reported by
Khademi et al. [22], Khan et al. [23] and Suresh et al. [24] who also
synthesized gold nanoparticles by green synthesis methods.

3.3. Scanning electron microscopy (SEM) of the nanostructures

The morphology and size of the biosynthesized AuNP were studied
by SEM. A typical SEM image showing the size and the microstructure
of the nanoparticles is given in Fig. 2A. Nanoparticles are pre-
dominantly homogenous and spherical in shape; with good dis-
persibility. The synthesis of controlled sized nanoparticles plays an
important role since they can improve significantly its electrochemical
properties as compared with non-dispersed or non-homogenous nano-
particles. The average size of the AuNP was analysed by ImageJ open
source particle analysis software, in which 100 discreet and well-de-
fined nanoparticles were used as sample space. From Gaussian curve
fitting obtained from the histogram, Fig. 2B, the average size of the
nanoparticles was found to be 18.0 ± 2.6 nm. Fig. 2C and D show SEM
micrographs of the PANSA polymer film and AuNP-PANSA nano-
composite film respectively. PANSA exhibits a rough globular-like
sponge structure, while the nanocomposite shows a fine and spherical
granule like structure. The difference in morphology between the
polymer film and the nanocomposite may be attributed to the lower
concentration of the monomer after addition of AuNP solution leading
to the formation of a smoother layer due to the decrease of the rate of
polymer deposition. The nanoparticles attached to the polymer network
can also be seen as uniformly-distributed spherical white spots on the
polymer film (Fig. 2D). Energy dispersive X-ray spectroscopy (EDS)
obtained from a localized area of the nanocomposite film was per-
formed for evaluate its composition, Fig. 2E. The EDS spectrum reveals
the presence of carbon (C), nitrogen (N), oxygen (O) and sulphur (S), all
present in the structure of the polymer. Two characteristic X-ray peaks
of gold (Au) in the spectrum also proved the presence of the AuNP in
the nanocomposite. The EDS spectrum confirms that the new metho-
dology for attaching nanoparticles to the polymer network is efficient.

3.4. Electrochemical characterization of modified electrodes

Unmodified and modified AuE with different nanostructured films:
gold nanoparticles (AuNP/AuE), polymer (PANSA/AuE) and composite
(AuNP-PANSA/AuE) were characterized by cyclic voltammetry (CV)
and electrochemical impedance spectroscopy (EIS) in the presence of
Tyr.

3.4.1. Cyclic voltammetry
3.4.1.1. Performance for the determination of Tyr. The effect of
modifying the electrode surface on the oxidation process of Tyr was
evaluated by cyclic voltammetry, as illustrated in Fig. 3. The anodic and
cathodic peak current increased significantly with all modifications
tested, being the highest at AuNP-PANSA/AuE. The anodic peak
potential shifted to more positive value and the cathodic to more
negative value being 0.14 V and −0.22 V at AuE, 0.16 V and −0.24 V
at AuNP/AuE, 0.18 V and −0.25 V at PANSA/AuE and 0.28 V and
−0.27 V at AuNP-PANSA/AuE, indicating a quasi-reversible oxidation
process of tyramine at all electrodes. The significant peak current
increase that occurs at AuNP-PANSA/AuE indicates a higher available
active surface area compared with AuE, AuNP/AuE and PANSA/AuE.
There is also a large increase in the background current at AuNP-
PANSA/AuE, which can be attributed to the efficient aggregation of
AuNP on the polymer network. AuNP-PANSA/AuE is clearly superior to
the other electrode configurations and was chosen to be used in all
further studies.

3.4.1.2. Dependence of the oxidation process on the scan rate. The
influence of scan rate on the sensor voltammetric response was
investigated to ascertain whether it is a diffusion-controlled or a
surface-confined process. CVs were recorded at AuNP-PANSA/AuE for
200 μM Tyr in 0.1M BR buffer pH 7.0 solution at scan rates from 10 to
100mV s−1 (Fig. 4A). There is a linear relationship between the anodic
peak current, Ipa, and the cathodic peak current, Ipc, with the scan rate,

Fig. 1. Electrochemical synthesis of (A) PANSA in 0.1M ANSA and (B) AuNP-
PANSA in 0.075M ANSA in 0.5M H2SO4 on gold electrodes; scan rate
50mV s−1.

W. da Silva et al. Talanta 195 (2019) xxx–xxx

3



v, (Fig. 4B), according to the equations: Ipa (μA) = -0.24 v +0.05;
r=0.9980 and Ipc (μA) = - 0.046 v – 0.33; r=0.9985. characteristic of
a surface-confined oxidation process [25]. A plot of the logarithm of the
peak current vs logarithm of scan rate (not shown) has a slope of 1.12,
close to the theoretical value of 1.0 for a pure adsorption controlled
electrode reaction [25]. The same was observed at glassy carbon
electrodes modified with AuNP-PANSA [19].
The current also depends on the amount of Tyr in solution which

demonstrates that the adsorption is reversible and that the number of
adsorbed species depends on the solution concentration, and that it can

be described by an isotherm. When carrying out consecutive CV scans, a
current decreasing with each scan was observed, since there was not
time for the adsorption/desorption equilibrium of Tyr to be reached. In
other experiments, after performing a scan in the presence of tyramine
and then placing the electrode in pure buffer solution, the CV peak of
tyramine oxidation appeared, also indicating that there is tyramine
adsorbed on the modified electrode. The separation of the anodic and
cathodic peaks increases with increasing scan rate, typical for a quasi-
reversible process. The dependence of the anodic peak potential, Epa
and the cathodic peak potential, Epc, on the logarithm of scan rate are

Fig. 2. (A) Scanning electron microscopy (SEM) of the gold nanoparticles (AuNP) obtained by green synthesis; (B) Size distribution histogram of the AuNP; (C) SEM
of PANSA; (D) SEM of the AuNP-PANSA nanocomposite film; (E) EDS spectrum of the AuNP-PANSA nanocomposite film.
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given by Laviron's equations for anodic and cathodic processes [26]:

= + = +E RT
nF

v K E RT
nF

v K2.303 log 2.303 logpa
a

pc
c

where αa and αc are the anodic and cathodic electron transfer coeffi-
cients, n is the number of electrons involved in the redox process, F is
the Faraday constant (F= 96485 C mol−1), v is the potential scan rate
(V s−1), R is the ideal gas constant (8.314 J K−1 mol−1), T is the

temperature (K) and K is a constant. The dependence between the peak
potential and logarithm of scan rate are expressed as: Epa (V) = 0.084
log v+0.094 and Epc (V) = - 0.065 log v - 0.10. Taking into account the
two-electron process for Tyr oxidation [27], the charge transfer coef-
ficients were estimated to be αa= 0.40 and αc = 0.54.

3.4.2. Electrochemical impedance spectroscopy (EIS)
EIS is a powerful analytical tool for analysing the complex electro-

chemical properties of a system and is very sensitive for sensor appli-
cations. Impedance spectra can be analysed by fitting to an equivalent
electrical circuit to obtain the values of the electrical components which
model each interfacial phenomenon, thus permitting the elucidation of
the processes of charge transfer and charge separation [28].
Impedance spectra were recorded at AuNP-PANSA/AuE at different

potentials from 0.0 to +0.8 V, chosen as explained below in Section
3.5.1. Impedance spectra at + 0.6 V, the best potential for impedi-
metric detection as will be shown below, for different electrode con-
figurations AuE, AuNP/AuE, PANSA/AuE, AuNP-PANSA/AuE are
shown in Fig. 5A.
All spectra showed a semicircle–like shape and were fitted with the

same electrical equivalent circuit presented in Fig. 5B. Although it is
expected that the circuit should contain contributions from the modifier
film resistance and capacitance as well as from the modified electrode-
solution interface, the experimental spectra are clearly dominated by
one RC parallel combination with no other semicircles with different
time constants discernible, as usually happens. Thus, the circuit

Fig. 3. Cyclic voltammograms for the oxidation of 200 μM Tyr in 0.1M BR
buffer solution (pH 7.0), recorded at 50mV s−1, at ( ) AuE; ( ) AuNP/AuE;
( ) PANSA/AuE; ( ) AuNP-PANSA/AuE.

Fig. 4. (A) Cyclic voltammograms at AuNP-PANSA/AuE in 200 μM Tyr solution
(0.1M BR buffer, pH 7.0) at scan rates 10–100 mV s−1. (B) The linear re-
lationship between the peak currents and scan rate.

Fig. 5. (A) Complex plane impedance spectra recorded at different electrode
configurations: ( ) AuE; ( ) AuNP/AuE; ( ) PANSA/AuE; ( ) AuNP-
PANSA/AuE in the presence of 100 μM tyramine in 0.1M BR buffer (pH 7.0) at
0.6 V vs. Ag/AgCl. (B) Electrical equivalent circuit used to fit the impedance
spectra: RΩ cell resistance; CPEdl non-ideal capacitance of the double layer; Rct
charge transfer resistance.
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comprises RΩ, the cell resistance (solution resistance, electrical contacts
etc.) in series with a parallel combination of Rct and CPEdl, representing
the charge transfer resistance and non-ideal interfacial capacitance re-
spectively. The CPE is modelled as a non-ideal capacitor given by CPE
= -1/(iωC)α in which the exponent α reflects the surface non-uni-
formity and roughness of the modified electrode assembly, where α=1
corresponds to a perfect uniform and smooth surface [29,30]. The re-
sults from fitting to the equivalent circuit are summarized in Table 1
and are shown as continuous curves in the spectra.

The EIS data show that the double layer capacitance increases with
modification of the electrode reaching a maximum at the AuNP-PANSA
modified electrode. The increase in the capacitance values is accom-
panied by the decrease in the charge transfer resistance values. A higher

Table 1
Values of equivalent circuit parameters obtained by fitting of the impedance
spectra at different electrode configurations; + 0.6 V (0.1M BR buffer, pH 7.0).
Data from Fig. 5A.

Electrode configuration Rct/ kΩ cm2 CPEdl / µF cm−2 sα−1 α

AuE 34.4 27.3 0.84
AuNP/AuE 25.8 31.9 0.84
PANSA/AuE 20.9 35.1 0.85
AuNP-PANSA/AuE 10.8 44.7 0.90

Fig. 6. Complex plane impedance spectra at AuNP-PANSA/AuE in the presence
of 100 μM Tyr in 0.1M BR buffer (A) At pH 7.0, applied potential ( ) 0.0; ( )
0.2; ( ) 0.4; ( ) 0.6; ( ) 0.8 V vs. Ag/AgCl. (B) At + 0.6 V vs. Ag/AgCl, pH
values of ( ) 4.0; ( ) 5.0; ( ) 6.0; ( ) 7.0; ( ) 8.0.

Table 2
Equivalent circuit element values obtained by fitting of the impedance spectra
at AuNP-PANSA/AuE at different potentials (pH 7.0, data from Fig. 6A) and
different pH values (+0.6 V, data from Fig. 6B).

Experimental conditions Rct / kΩ cm2 CPEdl / µF cm−2 sα−1 α

Applied potential / V 0.0 53.2 19.3 0.85
0.2 103.4 20.8 0.84
0.4 84.4 18.4 0.85
0.6 15.8 19.2 0.90
0.8 30.7 25.0 0.88

pH 4.0 170.2 19.7 0.85
5.0 121.3 19.9 0.83
6.0 70.5 19.6 0.85
7.0 15.8 19.2 0.90
8.0 45.8 19.8 0.86

Fig. 7. (A) Complex plane impedance spectra at AuNP-PANSA/AuE with dif-
ferent concentrations of Tyr in 0.1M BR buffer (pH 7.0) at 0.6 V vs. Ag/AgCl:
( ) 0.0; ( ) 0.8; ( ) 1.0; ( ) 5.0; ( ) 10.0; (∆) 20.0; ( ) 30.0; ( ) 40.0; ( )
60.0; ( ) 80.0 μΜ. (B). Calibration curve of ∆Rct versus log ([Tyr]/μΜ).
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value of the exponent α equal to 0.90 was obtained for AuNP-PANSA/
AuE indicating that it has a more uniform surface at the nanoscale
compared to the other electrode configurations, as also verified by SEM
morphological studies. The Rct values of the modified electrodes of
34.4, 25.8, 20.9 and 10.8 kΩ cm2 decrease in the order AuE, AuNP/
AuE, PANSA/AuE, AuNP-PANSA/AuE, respectively, indicating the ea-
siest electron transfer at the last electrode configuration. This can be
explained considering a synergetic effect of nanoparticles and polymer,
which leads to an increase of electroactive area and contributes to an
electrocatalytic effect towards tyramine. The impedance spectra are in
agreement with the cyclic voltammetry observations.

3.5. Optimization of the working conditions for Tyr determination

3.5.1. Influence of the applied potential
For electrochemical impedimetric as well as voltammetric measure-

ments, the applied potential has a big influence on sensor response since
it contributes to a better sensitivity for detection of the target analyte. In
order to optimize the potential for detection of Tyr, impedance spectra
were recorded at different potentials: 0.0, 0.2, 0.4, 0.6 and 0.8 V vs. Ag/
AgCl. These potentials were chosen considering the oxidation peak po-
tential values from CV and encompass the range of potentials where
oxidation and reduction occur. Moreover, using potentials as close as
possible to 0.0 V should minimise interference effects.
Fig. 6A shows impedance spectra recorded at AuNP-PANSA/AuE in

the presence of 100 μM Tyr in BR buffer solution, pH 7.0 at the various
potentials. Table 2 shows the results of fitting the data to the electrical
equivalent circuit in Fig. 5B, where it can be observed that the lowest
values of Rct are obtained at 0.6 V, in agreement with CV results, where
the maximum oxidation peak appears around 0.55 V, Fig. 4A. There-
fore, 0.6 V was taken as the best value for Tyr determination by im-
pedance.

3.5.2. Influence of the solution pH
The effect of supporting electrolyte pH on the spectra was in-

vestigated to evaluate the optimum pH for determination of Tyr.

Spectra were recorded, as shown in Fig. 6B, in the presence of 100 μM
Tyr in BR buffer at the pH range from 4.0 to 8.0 at AuNP-PANSA/AuE at
+ 0.6 V. As can be seen from Table 2, the values of Rct gradually de-
creased with increase of pH up to pH 7, then increased. The fact that Rct
decreases with increase of pH may reflect the lower stability of the
chemical equilibrium dopamine-o-quinone by-products formed during
oxidation of Tyr in acid and basic pH solution, giving a better response
at neutral pH [31].

3.6. Impedimetric response for Tyr determination

Impedance spectra recorded under the optimum conditions de-
termined above for Tyr sensing are shown as complex plane plots in
Fig. 7A, for concentrations up to 80.0 μM. It is possible to observe a
change in the shape of the spectra, associated with a decrease in the Rct
value, immediately with the first concentration of Tyr added, and this
can be associated with a realistic limit of detection. The errors asso-
ciated with fitting to electrical circuit were less than 3% and the
changes in Rct were much higher than this. The values of the equivalent
circuit parameters after fitting the spectra are summarized in Table 3. It
is clearly seen that Rct decreases with increase of Tyr concentration,
while the capacitance values gradually increase.
The calibration curve in Fig. 7B plots the change of charge transfer

resistance ∆Rct (Rct(buffer) – Rct(tyr)) versus log [Tyr] according to the
equation ∆Rct (kΩ) =144.1+29.4 (log[C/μM]) with a correlation
coefficient of 0.9987. The reason for the logarithmic dependence can be
attributed to the adsorption of Tyr's oxidation product on the electrode
surface. The detection limit was calculated to be 0.04 μM based on three
replicates. The good performance of the novel Tyr impedimetric sensor
considering its ease of fabrication and simplicity of architecture is
mainly attributed to a high area-volume ratio, excellent conducting
capability and interface-dominated properties of AuNP, which, in
combination with the properties of the PANSA polymer network, pro-
vide an effective modifier for Tyr oxidation.
The analytical performance of the nanocomposite AuNP-PANSA/

AuE for Tyr determination was compared with other electrode config-
urations (no reports on impedimetric sensing were found) and the re-
sults are listed in Table 4. The novel impedimetric sensor used for Tyr
detection showed a superior performance to those found in the litera-
ture with the lowest limit of detection and a sufficiently broad linear
range, comparable to more complex architectures that use carbon na-
notubes and/or tyrosinase.
Although in some configurations tyrosinase was used [32,33], with

Tyr as enzyme substrate, their performance was not better than here.
The sensors that used DPV for analytical Tyr determination [27,34]
presented a higher limit of detection despite the high sensitivity con-
ferred by DPV. This can be attributed to the accentuated adsorption that
compromises the detection by voltammetric techniques, as verified in
previous studies [27,32–35]. Hence, the proposed novel nanocomposite
with impedimetric measurement has the advantage of easy and rapid
preparation with very low limit of detection.

Table 3
Equivalent circuit element values obtained by fitting of the impedance spectra
at AuNP-PANSA/AuE with different Tyr concentrations. Data from Fig. 7.

[Tyramine] / µM Rct / kΩ cm2 CPEdl / µF cm−2 sα−1 α

0.0 204 18.0 0.87
0.8 63.1 22.3 0.88
1.0 49.1 38.2 0.89
5.0 31.5 42.6 0.89
10 25.8 45.5 0.86
20 16.1 57.8 0.85
30 13.8 63.6 0.84
40 10.9 72.9 0.85
60 7.7 75.3 0.90
80 4.2 84.9 0.89

Table 4
Comparison of the tyramine determination performance at AuNP-PANSA/AuE with different electrode configurations in the literature.

Modified electrode configuration Principle of detection pH, buffer Linear range / µM LOD / µM Ref

Q/fMWCNT/GCE DPV 7.0, PBS (0.1M) 0.7–75 0.65 [27]
Carbon disc MECC-AD 10.3, borate-NaOH (0.02M) 1–1000 0.18 [35]
fMWCNT/GCE DPV 7.0, PBS (0.1M) 1–17 0.80 [34]
Tyrosinase/PPy/PtE Amperometry 7.0, PBS (0.01M) 4–80 0.54 [32]
Tyrosinase/
COOfSWCNT Amperometry 7.0, PBS (0.01M) 5–180 0.62 [33]
AuNP-PANSA/AuE EIS 7.0, BR (0.1M) 0.8–80 0.04 This work

Q – quercetin; fMWCNT - functionalized multi-walled carbon nanotubes; GCE – glassy carbon electrodes; MECC-AD - micellar electrokinetic capillary chromato-
graphy separation with amperometric detection; DPV- Differential pulse voltammetry; PPy – polypyrrole; PtE – platinum electrode; COOfSWCNT – carboxyl func-
tionalized single-walled carbon nanotubes; EIS – Electrochemical impedance spectroscopy.
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3.7. Repeatability, stability, and selectivity

The repeatability of impedimetric measurements at the AuNP-
PANSA/AuE was investigated by successive measurements of the re-
sponse to 100 µM Tyr in buffer BR, pH 7.0. The Rct value was 95% of the
initial value after 25 successive measurements (RSD = 4.39%; n=3).
With respect to storage stability, the EIS response of the sensor lost just
10% of the initial signal in terms of the Rct value, after a storage period
of 20 days in the dry state at room temperature.
The influence of potential interferents on sensor response was

evaluated. For this, the possible interferents tested were: organic (uric
acid, hypoxanthine, xanthine, sucrose) and inorganic species (SO42-,
Zn2+, Na+, K+) in the ratio 1:1(m/m) with Tyr and the results are
shown in Fig. 8. As can be seen, these species did not produce sig-
nificant changes in the Rct values (all less than 5%), demonstrating good
selectivity. This selectivity is comparable to that reported in the lit-
erature [36,37].

3.8. Determination of Tyr in commercial food products

The impedimetric sensor was applied to detect Tyr in food samples
purchased from the local market: dairy products (Roquefort cheese and
yogurt) and fermented drinks (red wine and beer). The analytical de-
termination was performed using standard addition method and the
values calculated based on average of three replicates are summarized
in Table 5. The quantity of Tyr found in the original samples is given as
the value obtained after dilution; in the case of the dairy foods by a
factor of 20 and for fermented drinks 100 times dilution. The calculated
amounts of Tyr found in Roquefort cheese and yogurt were 59.8mg L−1

and 2.47mg L−1 respectively. For the fermented drinks, it was
8.66mg L−1 in red wine and 9.27mg L−1 in beer samples. These values
are in agreement with other work on this topic [38–40]. Recovery
measurements gave values in the range from 97.7% to 101.9% with
RSD values of less than 5.0%, indicating that the proposed sensor is
useful for practical applications in food safety control.

4. Conclusions

A simple and inexpensive electrochemical impedimetric sensor for
the detection of Tyr has been developed for the first time, based on a
nanocomposite (polymer and gold nanoparticles) film modified gold
electrode. Electrochemical impedance has been shown to be a very
sensitive technique for the analytical determination of Tyr. The im-
pedimetric sensor proposed possesses good selectivity, reproducibility,
stability and high selectivity, with fast response and low limit of de-
tection. It was successfully used for Tyr detection in dairy products and
fermented drinks with good recoveries, which suggests its application
to food monitoring.
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