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A B S T R A C T

The aim of the present work was to develop an amperometric biosensor for tyramine (Tyr) measurement in food
and beverages. The biosensor architecture is based on tyrosinase (Tyrase) immobilization on glassy carbon
electrode modified by a nanocomposite consisting of gold nanoparticles (AuNP) synthesized by a green method
and poly(8-anilino-1-naphthalene sulphonic acid) modified glassy carbon electrode. Under optimized experi-
mental conditions for fixed potential amperometric detection, the biosensor exhibited a linear response to tyr-
amine in the range 10–120 µM and the limit of detection was estimated to be 0.71 µM. The novel platform
showed good selectivity, long-term stability, and reproducibility. The strong interaction between tyrosinase and
the nanocomposite was revealed by the high value of the Michaelis-Menten constant (79.3 μM). The fabricated
biosensor was successfully applied to the determination of Tyr in dairy products and fermented drinks with good
recoveries, which makes it a promising biosensor for quantification of tyramine.

1. Introduction

Tyramine (4-hydroxyphenethylamine, Tyr), is one of the well-
known biogenic amines produced by decarboxylation of the amino acid
tyrosine, due to microbial activity. It is commonly found in fermented
foods and beverages, such as meat, seafood, dairy products, wine and
beer. Tyr indirectly acts as a sympathomimetic amine which releases
norepinephrine from sympathetic amine nerve endings, and it has been
reported that Tyr-containing foods can cause serious intoxication ef-
fects when ingested in large quantities by eating contaminated foods
(Atta & Abdel-Mageed, 2009; Galgano, Favati, Bonadio, Lorusso, &
Romano, 2009). Consequently, the control and measurement of bio-
genic amines, mainly Tyr, is gaining importance in monitoring pro-
duction processes and quality and freshness for food safety.

Analytical methods used for the quantification and determination of
this kind of compounds include high-performance liquid chromato-
graphy (HPLC), ultra-performance liquid chromatography (UPLC), gas
chromatography (GC), thin-layer chromatography (TLC), ion-pair li-
quid chromatography (IPLC), and capillary electrophoresis (CE), as in
(Bacaloni, Insogna, Sancini, Ciarrocca, & Sinibaldi, 2013; Cheng,
Zhang, Wang, Huang, & Ma, 2017; Cinquina et al., 2004; Ordóñez,

Troncoso, García-Parrilla, & Callejón, 2016). However, these methods
require extensive sample pre-treatment and expensive equipment.
Chemically modified electrodes are an interesting alternative to these
analytical methods, since they do not require such specialized in-
strumentation, and do not need sample clean-up or derivatisation
procedures, analyses thus being, in general, less time-consuming.

Another attractive alternative for Tyr determination is the use of
biosensors, which combine biological recognition through enzyme
specificity with the simplicity of construction. Biosensors based on
tyrosinase (Tyrase) have been demonstrated to be sensitive for phenols
determination, for example (Arecchi, Scampicchio, Drusch, & Mannino,
2010; Fiorentino, Gallone, Fiocco, Palazzo, & Mallardi, 2010; Nurul
Karim & Lee, 2013; Yang, Xiong, Zhang, & Wang, 2012).

Tyrase contains two copper active sites in its structure which are
responsible for the enzyme existing in three oxidation states; it catalyses
the o-hydroxylation of monophenols to guiacol and in a second step the
oxidation of guaiacol to o-quinones. For this reason, electrochemical
biosensors based on Tyrase for detection of phenolic compounds have
often been used. e.g. (Lu et al., 2010; Wang, Zheng, He, & Sheng, 2013).
However, there are only a few reports on tyramine determination by
tyrosinase based biosensors in the literature (Apetrei & Apetrei, 2013,
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2015; Batra, Lata, Devi, Yadav, & Pundir, 2012). Good biosensor per-
formance is extremely dependent on how adequate and effective is the
enzyme immobilization. Some of the common approaches based on
conductive nanomaterials have been used for the immobilization of
Tyrase onto various substrates including carbon nanotubes, graphene,
conducting polymers and nanoparticles (Wang et al., 2013). The con-
trolled synthesis of conducting polymers allows rational design and
preparation of new, biologically sensitive systems, since they contribute
significantly to the improvement of the electrochemical current re-
sponse and lower the limit of detection (Ates, 2013; Barsan, Ghica, &
Brett, 2014; Petrova, Romanova, Madjarova, Ivanova, & Tadjer, 2012).

Gold nanoparticles (AuNP) have also received great interest for
application in biosensors, providing advantages such as better access to
and availability of reaction sites, as well as an improvement of bio-
sensor response by the increase of surface area to which the bio-
component can be attached. The use of AuNP in composites with other
nanomaterials such as conducting polymers, carbon nanotubes and
graphene, has been shown to be an effective approach for electrode
modification and enzyme immobilization for biosensor construction (Li,
Schluesener, & Xu, 2010; Magar, Ghica, Abbas, & Brett, 2017; Singh,
Jain, & Singla, 2013). In the present study, AuNP were synthesized
using extracts of Citrus sinensis as both reducing and stabilizing agent.
They were then incorporated in poly-(8-anilino-1-naphthalene sul-
phonic acid) (PANSA) by polymerization of the corresponding
monomer in the presence of the AuNP. Following this, the enzyme
Tyrase was immobilized over the nanocomposite and used for ampero-
metric detection of Tyr. The dependence of the amperometric response,
sensitivity, kinetics, linear range, limit of detection, stability, and se-
lectivity was investigated. Finally, the prepared biosensor was applied
to Tyr detection in fermented beverages (beer and red wine) and in
dairy products (yogurt and Roquefort cheese).

2. Experimental

2.1. Reagents and solutions

The reagents were all of analytical grade and were used as received.
Tyrosinase (Tyrase, from mushroom, activity 2687 Umg−1, CAS
number: 9002-10-2), bovine serum albumin (BSA) (2.0% w/v), glu-
taraldehyde (GA, 2.5% v/v in water), gold(III) chloride trihydrate
(HAuCl4·3H2O), 8-anilino-1-naphthalene sulphonic acid, 97% (ANSA)
and tyramine 99.9% were acquired from Sigma-Aldrich. For the elec-
trochemical experiments, the supporting electrolyte was Britton-
Robinson (BR) buffer, prepared by mixing phosphoric acid, acetic acid
and boric acid (all solutions of concentration 0.04M) and adjusting the
pH with 0.2M sodium hydroxide solution. The stock solution of tyr-
amine (Sigma-Aldrich) was prepared by dissolving the corresponding
amount of compound in pure water. Xanthine (Sigma-Aldrich), hy-
poxanthine (Sigma-Aldrich), L-tyrosine hydrochloride (Sigma-Aldrich),
dopamine hydrochloride (Sigma-Aldrich) were used for the interferent
assessment.

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 measurements

Voltammetric and amperometric measurements were performed
using a computer controlled IviumStat electrochemical analyser with
IviumSoft version 2.024 software (Ivium Technologies, The
Netherlands), in a one-compartment three-electrode system consisting
of a glassy carbon electrode (GCE), area 0.00785 cm2, bare or modified,
as working electrode, a platinum wire counter electrode and an Ag/
AgCl (3M KCl) electrode as reference. A glass electrode pH meter model
Crison Micro pH 2001 (Crison Instruments, S.A., Barcelona, Spain) was
used for pH measurements. The XRD studies were carried out with an X-

ray powder diffraction system (Siemens D5000, Bruker-AXS, Karlsruhe,
Germany), Cu-Ka radiation ((λKα1=1.5406 Å) in the 2θ range
0.5°–130°, operating voltage 40 kV and current 40mA. A scanning
electron microscope (SEM) (model JSM-5310, JEOL, Co., Japan) was
used for examination of the AuNP, PANSA film and AuNP-PANSA na-
nocomposite film.

2.3. Green synthesis of gold nanoparticles (AuNP)

The gold nanoparticles were synthesized according to the literature
(Sujitha & Kannan, 2013) with slight modifications. First, C. sinensis
was squeezed to extract the juice which was then strained through a
fine-mesh sieve. The filtered juice was centrifuged at 14,000 rpm for
30min to remove all undesired impurities and to obtain a clear solu-
tion. For the synthesis of AuNP, 50mL of 1mM solution of gold (III)
chloride trihydrate (HAuCl4·3H2O) was brought to boil with vigorous
stirring. A volume of 5mL of previously purified juice extract of C. si-
nensis was added to this solution and allowed to cool slowly. The colour
changed from yellow to colourless and then to ruby red, this whole
process occurring within 5min. The colloidal solution was stirred for a
further 10min whilst cooling to room temperature. The gold nano-
particle dispersion obtained was purified by repeated centrifugation at
14,000 rpm for 20min followed by redispersion of the precipitated
solid in 50mL of Milli-Q water. The concentration of the resulting stock
solution of gold nanoparticles was 197mg L−1.

2.4. Preparation of the electrode substrates for enzyme immobilization

The PANSA film was electrochemically synthesized from a solution
containing 0.1M ANSA monomer in 0.5M H2SO4. For the preparation
of AuNP-PANSA film, a more concentrated stock solution of the
monomer in a higher concentration of H2SO4 was prepared and this
solution was mixed in a ratio of 1:3 v/v with colloidal AuNP solution in
order to obtain the same concentration of monomer and acid as that
used for PANSA deposition. Oxygen inhibits polymer film growth;
hence, in order to avoid its permeation, before polymerisation, the
mixtures were degassed with N2 for 20min and during polymerisation,
a flux of N2 was kept flowing on top of the cell solution. The PANSA
film and AuNP-PANSA film were grown on the GCE by potential cycling
in the potential range 0.0 V–1.1 V vs Ag/AgCl using 50mV s−1 as scan
rate for 7 cycles, as previously optimised (Ngece et al., 2011). After
polymerisation, the modified electrodes were carefully rinsed with
Milli-Q water for removal of unreacted monomer and dried before en-
zyme immobilization. An AuNP/GCE modified electrode was also pre-
pared by drop-casting 2 μL of AuNP colloidal solution on the GCE and
left to dry for 1 h before enzyme immobilization.

2.5. Preparation of the biosensors

In order to optimize the amount of Tyrase, enzyme solutions were
prepared by dissolving different amounts from 0.1 to 2.0% w/v of
Tyrase in 0.1M BR buffer (pH 7.0) containing BSA (2.0% w/v). In order
to prepare the tyrosinase biosensors, 1 μL of the corresponding enzyme/
BSA solution was mixed with 1 μL of GA (2.5% v/v) as crosslinking
agent. The mixture was dropped onto the GCE, AuNP/GCE, PANSA/
GCE and AuNP-PANSA/GCE surface and then left to react at room
temperature (Ghica, Pauliukaite, Fatibello-Filho, & Brett, 2009). After
drying, the biosensors were immersed in buffer (pH 7.0) for at least 2 h
before use.

2.6. Real sample preparation and analysis

In order to evaluate the applicability of the new biosensor config-
uration in real sample analysis, the Tyr concentration was measured in
two drinks that undergo a fermentation process during fabrication (red
wine and beer) and two dairy products (yogurt and Roquefort cheese)
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using the standard addition method. The samples were prepared as
described below.

The drinks were not diluted or pre-treated, except that the beer was
degassed for 10min before analysis. For both yogurt and Roquefort
cheese, 2.5 g was accurately weighed and placed in a 50mL volumetric
flask and 20mL of 0.1M BR buffer (pH 7.0) was added. For solution
homogenization, centrifugation was performed at 14,000 rpm during
20min, then the supernatants were collected and kept at 4 °C before
use.

3. Results and discussion

3.1. Synthesis of poly-(8-anilino-1-naphthalene sulphonic acid) and gold
nanoparticle doped-poly-(8-aniline-1-naphthalene sulphonic acid) film on
GCE

The growth profiles of PANSA and the nanocomposite AuNP-PANSA
films electrodeposited on GCE are shown in Fig. 1A and 1B, respec-
tively. Both possess two redox couples with similar voltammetric pro-
files to aniline polymerization (Chen et al., 2017; Marchesi, Jacumasso,
Quintanilha, Winnischofer, & Vidotti, 2015; Milczarek, 2009). ANSA is
an N-substituted aniline which has naphthalene sulphonic acid as a
substituent in the amine ring. The redox couples a1/a2 and b1/b2 are
attributed to intrinsic redox processes during polymer formation. The
couple a1/a2 is the result of the transformation of aniline in ANSA from
the reduced leucoemeraldine state to the partly oxidized emeraldine
state. The second redox couple, b1/b2, is due to the transition of
emeraldine to the pernigraniline state, which is accompanied by oxi-
dation of ANSA (Iwuoha et al., 2006; Lindfors & Ivaska, 2002). The two
anodic and two cathodic peaks which appeared at the initial stage of
polymerization gradually merged into one redox couple (one anodic

and one cathodic peak). The anodic peak current increased gradually
with each cycle, while the cathodic peak stabilised after the 5th cycle.
This behaviour indicates the self-limiting character of PANSA growth at
higher cycle numbers. This is in agreement with other work, in which it
was observed that the electropolymerization of aniline often has a self-
accelerating character (Fang et al., 2015), while the naphthalene sul-
phonic acid moiety limits the rate of polymerization (Mažeikiene,
Niaura, & Malinauskas, 2006). The mid-point potential between anodic
and cathodic peaks for the polymer and the nanocomposite almost do
not vary between the 2nd and 7th scan (∼0.44 V vs. Ag/AgCl). How-
ever, an increase in peak separation occurs after the 5th cycle for both
PANSA and AuNP-PANSA. The polymer growth voltammetric profile
was very similar in the two cases, and was expressed as the ratio of the
oxidation peak current in the seventh compared to the first cycle. For
PANSA this factor was 3.21, while for AuNP-PANSA it was 3.14; the
first cycle oxidation peak currents were also almost the same, see Fig. 1.
Thus, the addition of AuNP to the monomer solution did not sig-
nificantly affect the polymer growth rate. However, the inclusion of
AuNP in the polymer matrix was beneficial for tyramine determination
as explained below.

3.2. Characterization of the nanostructures

3.2.1. X-ray diffraction of the AuNP
The AuNP were examined by X-ray diffraction (XRD), Fig. 2A. The

diffractograms show the XRD pattern of gold nanoparticles obtained
from gold colloidal solution with Bragg reflection peaks at 36.4°, 44.3°,
64.9° and 77.8° in the 2θ range between 30° and 90° which can be
indexed to (1 1 1), (2 0 0), (2 2 0) and (3 0 0) planes respectively in
agreement with the face-centred cubic (fcc) gold crystal structure (Joint
Committee on Power Diffraction Standards - JCPDS, 04-0784). The

Fig. 1. Cyclic voltammetry for (A) electrochemical synthesis on GCE in 0.5M H2SO4 of (A1) PANSA (A2) AuNP-PANSA, (B) 100 μM Tyr in 0.1 BR buffer (pH 7.0),
scan rates 10–100mV s−1, at (B1) Tyrase/PANSA/GCE (B2) Tyrase/AuNP-PANSA/GCE.
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well-defined and intense peaks revealed that the AuNP was successfully
synthesised by the reduction of Au+ using C. sinensis extracts, and
shows its crystalline nature (Khademi-Azandehi & Moghaddam, 2015;
Khan et al., 2017; Suresh et al., 2011). The mechanism for the thermal
reduction of HAuCl4 by citric acid from C. sinensis to form AuNP in-
volves nucleation and growth processes. As shown in (Supplementary
Material, Fig. S1), the coordination of citric acid with AuIIICl4− pro-
duces citrate–AuIIICl3− complexes which are activated thermostatically
by a constant heating of the mixture producing a reduced AuIIClnm−

species, along with the formation of oxidation products of citric acid
such as acetoacetate, CO2, and dicarboxyacetone. Following this, the
subsequent reduction of citrate-AuIIClnm− and citrate-AuIClnm− com-
plexes produce Au0 and Au0 nuclei, leading to the formation of AuNP.
Citrate anions are adsorbed on the AuNP surface and act as surface-
stabilising agent of the nanoparticle. The negative charge of citrate
suppresses AuNP aggregation and leads to a more homogeneous dis-
persion of the nanoparticles, due to electrostatic repulsion (Shiraishi,
Tanaka, Sakamoto, Ichikawa, & Hirai, 2017).

3.2.2. SEM of the nanostructures
The morphology of the AuNP, formed by the green synthesis

method, was examined by scanning electron microscopy (SEM), as
shown in Fig. 2B. SEM reveals the predominant presence of spherical
and quasi-spherical like-shaped gold nanoparticles with a relatively
well-dispersed distribution. The AuNP were analysed by ImageJ open
source particle analysis software, in which 100 discreet and well-de-
fined nanoparticles were used as sample space to measure the average
size of the nanoparticles. From the Gaussian fitting curve to the histo-
gram, Fig. 1C, the size of the nanoparticles was calculated to be
17.9 ± 3.0 nm. Similar results are found in the literature. Spherical
gold nanoparticles of 30–50 nm diameter were achieved using Peni-
cillium sp. (Du, Xian, & Feng, 2011), predominantly spherically-shaped
gold nanoparticles ranging from 20 nm were synthesized using biode-
gradable green surfactants such as VeruSOL-3 (Nadagouda, Hoag,
Collins, & Varma, 2009), quasi-spherical gold nanoparticles with dia-
meter around 16 nm were obtained using the flower extract of Rosa
damascena as a reducing and stabilizing agent (Ghoreishi, Behpour, &
Khayatkashani, 2011).

Fig. 2. (A) X-ray diffraction pattern recorded from drop-coated films of the colloid solution of gold nanoparticles synthesized with extract of Citrus sinensis on glass
substrates. The Bragg reflections are identified in the XRD pattern (B) Scanning electron microscopy (SEM) of the nanoparticles (C) Gold nanoparticles diameter
histogram (vertical bars) fitted with a Gaussian curve (D) SEM of the PANSA film (E) SEM of the AuNP-PANSA nanocomposite.
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The surface morphologies of the PANSA and of the AuNP-PANSA
nanocomposites are presented in the SEM images in Fig. 2D and E,
respectively. For both coatings, there is a rough fully-covered surface
with a uniform distribution of the polymer network and globular-like
formations. Evidence of the uniform distribution of the nanoparticles in
the polymer network was also seen by the presence of small spherical
white spots (Fig. 2E) over the whole surface. Polymers are known to
stabilize metal nanoparticles mainly by charge transfer interactions
between the metal particles and the functional groups of heteroatoms
on the polymer network (Dimitriev, 2004). In the case of PANSA, a
derivative of polyaniline, the aggregation and stabilization of AuNP in
the polymer network is controlled by the electrostatic attraction be-
tween protonated amines in the polymer film and the negative charge
of the nanoparticle citrate capping groups. This stabilization of the
AuNP in the polymer matrix prevents their leaching when the modified
electrode is immersed in solution. Thus, this new methodology suc-
cessfully incorporates nanoparticles in the polymer network through
polymerization of the corresponding monomer in the presence of gold
nanoparticles in solution.

3.3. Characterization of the biosensor in the presence of Tyr

The biosensor constructed by immobilisation of tyrosinase on the
AuNP-PANSA modified electrode was characterised by cyclic voltam-
metry and differential pulse voltammetry in the presence of tyramine,

investigating the influence of scan rate and of pH dependence.

3.3.1. Cyclic voltammetry – scan rate dependence
The influence of scan rate on biosensor response was investigated by

recording cyclic voltammograms at the Tyrase/PANSA/GCE and Tyrase/
AuNP-PANSA/GCE biosensors in 100 μM Tyr in 0.1M BR buffer, pH 7.0
at different scan rates, from 10 to 100mV s−1, Fig. 2C and D respec-
tively. The CVs at the modified electrodes showed that the electrode
reaction was quasi-reversible and the Tyrase/AuNP-PANSA/GCE bio-
sensor presents a higher peak current at all scan rates evaluated.

The values of redox peak current densities jpa and jpc, expressed in
mA cm−2, are linearly proportional to the scan rate (not shown) in both
cases, according to:

Tyrase/PANSA/GCE: jpa= 0.0013v+0.11, r=0.9997, jpc=
−0.0023v−0.0013, r=0.9995
Tyrase/AuNP-PANSA/GCE: jpa= 0.033 v+0.29, r=0.9983;
jpc=−0.042 v+0.0064, r=0.9984

The relationship log jpa versus log v (not shown) had slopes of 0.89
for Tyrase/PANSA/GCE and 0.98 for Tyrase/AuNP-PANSA/GCE, close to
the theoretical value of 1.0 characteristic of an adsorption-controlled
process, whereas for diffusion-controlled processes the slope would be
0.5 (Brett & Oliveira-Brett, 1993).

A linear relationship between Ep and log v was also obtained. For an
adsorption-controlled process, the electron transfer coefficient (α) can
be calculated from the relationship (Epa or Epc) and log v using Laviron’s
model (Laviron, 1979). The linear regression equation obtained from
the plot of Epa vs log v (not shown) for Tyrase/AuNP-PANSA/GCE is:

Epa= 0.070 log v+0.069 r=0.9967

For Tyrase/PANSA/GCE the corresponding equation is:

Epa= 0.060 log v+0.25 r= 0.9969

According to Laviron’s equations, the slope is equal to 2.3 RT/αanF
for the anodic peak and can be used to evaluate the value of αa, the
electron transfer coefficient for Tyr oxidation. Here R is the ideal gas
constant, T is the temperature (K), F is the Faraday constant, and n is
the number of electrons involved in the redox process. Since Tyr oxi-
dation involves two electrons, the value of αa for Tyrase/AuNP-PANSA/
GCE was estimated to be 0.42 and for Tyrase/PANSA/GCE it was 0.49.
These values are within the range expected.

3.3.2. Differential pulse voltammetry – influence of pH
The literature reports that the enzymatic activity of Tyrase is lost

below pH 4.0 and above pH 9.0 (Tan, Kan, & Li, 2011; Vicentini,
Janegitz, Brett, & Fatibello-Filho, 2013); hence the influence of solution
pH on the oxidation of 100 μM Tyr was investigated by DPV in the pH
range from 4.0 to 9.0. As can be seen in Fig. 3A, the maximum oxida-
tion peak current was obtained at pH 7.0. Therefore, this pH was se-
lected as optimum pH and used in Tyr determination. With increasing
solution pH from 4.0 to 9.0, the oxidation peak potential shifted ne-
gatively and linearly, Fig. 3B, according to Epa (V)= 1.06− 0.060 pH
with a correlation coefficient of 0.9987, the slope being close to the
theoretical value of 59mV pH−1 at 25 °C for an electrode process in-
volving equal number of protons and electrons. The peak width at half
height,W1/2= 3.52 RT/nF, where R is the universal gas constant, T the
temperature in K, and F the Faraday constant gives an indication of the
reversibility of the electrode reaction and the number of electrons in-
volved. The minimum peak width for a reversible one-electron process
is 90mV and for a reversible two-electron process is 45mV (Brett &
Oliveira-Brett, 1993). In this work, see Fig. 3A, W1/2 was approxi-
mately 45mV over the pH range studied, therefore, can be assumed
that two electrons are involved in the reaction (Apetrei & Apetrei, 2013,

Fig. 3. (A) Differential pulse voltammograms of 100 μM Tyr at Tyrase/AuNP-
PANSA/CGE in 0.1M BR buffer at different pH values; (B) Effect of pH on the
Tyr oxidation peak current and peak potential. The error bars correspond to
measurements carried out with three different biosensors.
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2015) as proposed in the mechanism described in the following section.

3.4. Optimization of the amperometric biosensor

The analytical determination of Tyr was performed by fixed po-
tential amperometry and in order to optimize the response, the effect of
the applied potential and enzyme loading were investigated.

3.4.1. Influence of the applied potential
The applied potential has a big influence on biosensor performance

since it contributes to its sensitivity and selectivity. The biosensor re-
sponse to 100 µM Tyr in 0.1M BR buffer (pH 7.0) was studied between
−0.5 and +0.3 V vs. Ag/AgCl. The current increases rapidly as the
potential becomes less negative from −0.5 to −0.3 V, with a maximum
at −0.3 V and then decreases up to −0.1 V, above which the response
is almost constant.

Tyrase catalyses the hydroxylation of Tyr (Eq. (1)) as well as the
oxidative conversion of the resulting dopamine to o-dopaquinone (Eq.
(2)). The enzymatically generated o-dopaquinone by-product can easily
undergo electrochemical reduction at a potential close to 0.0 V (Apetrei
& Apetrei, 2013, 2015) (Eq. (3)). This reaction is verified in CVs
(Fig. 2B) since a reduction peak appears at a potential close to −0.3 V
in the presence of Tyr (Njagi, Chernov, Leiter, & Andreescu, 2010). The
sensing principle of the biosensor is based on measuring the increase of
the cathodic amperometric signal related to the electrochemical re-
duction of o-dopaquinone enzymatically generated on the biosensor
surface that involves 2 electrons and 2 protons.

+Tyramine 1/2O Dopamine2
tyrosinase

(1)

+ +Dopamine 1/2O
tyrosinase

o Dopaquinone H O2 2 (2)

+ + ++o Dopaquinone 2H 2e
tyrosinase

Dopamine H O2 (3)

Independent cyclic voltammetry measurements at tyrosinase mod-
ified glassy carbon electrodes at pH 7.0 with the addition of dopamine
or tyramine were done (Supplementary Material, Fig. S2). In the pre-
sence of dopamine, two redox couples appear with midpoint potentials
−0.160 V and +0.250 V; the couple I at more positive potentials is
ascribed to dopamine/dopaquinone and the more negative one, II, to
dopaquinone reduction. With tyramine only, an additional anodic peak
IIIa appears, corresponding to irreversible tyramine oxidation. The
redox couples I and II are present except that both cathodic peaks are
ca. 0.20 V more negative. Thus, as can be seen, the reduction of do-
paquinone occurs at −0.3 V.

In cyclic voltammetry at Tyrase/AuNP-PANSA/GCE or Tyrase/
PANSA/GCE, the adsorption of tyramine and its oxidation products in
the modifier films led to a very broad redox couple and it was not
possible to distinguish the processes. However, the determination of
tyramine by fixed potential amperometry was carried out successfully
and with better analytical parameters at the Tyrase/AuNP-PANSA/GCE
biosensor than without the presence of AuNP-PANSA nanocomposite,
see Section 3.5.1.

In the light of the results obtained, an applied potential of −0.30 V
was selected to be used in further experiments for Tyr determination.
Moreover, this potential, close to 0.0 V, minimizes the likelihood of
potential interferences from common electroactive species.

3.4.2. Effect of the amount of tyrosinase
In order to determine the optimal amount of Tyrase immobilized on

AuNP-PANSA/GCE for Tyr determination, different Tyrase loadings
ranging from 0.1 to 3.5% (w/v) were tested, the concentrations of GA
and BSA being fixed at 2.5% (v/v) and 2.0% (v/v) respectively. The
amperometric response to 100 µM Tyr was tested for different enzyme
loadings, using the same experimental conditions. The cathodic current
increases as the amount of Tyrase is increased, reaching a maximum for

2.0% (w/v) of Tyrase. For higher loadings, there is a decrease in bio-
sensor sensitivity. This indicates that high amounts of enzyme com-
promise biosensor performance, this being attributable to diffusion
limitations and to a too low concentration of dissolved oxygen, a nat-
ural cofactor for enzyme regeneration (Lu et al., 2010). Therefore, 2.0%
(w/v) of the enzyme was chosen as the best for biosensor construction.

3.5. Amperometric biosensor for tyramine

3.5.1. Analytical performance
The amperometric responses of Tyrase/AuNP-PANSA/GCE, Tyrase/

PANSA/GCE, Tyrase/AuNP/GCE and, Tyrase/GCE biosensors for Tyr
determination under the optimized conditions were evaluated. The
biosensors show a rapid bioelectrocatalytic response, reaching 95% of
the steady-state current within 8 s after each Tyr addition. Fig. 4A is a
representative chronoamperometric profile for Tyr determination,
showing a linear increase of the change in cathodic current with Tyr
concentration for all the biosensor assemblies tested. Fig. 4B displays
the calibration plots obtained from the amperometric responses. The
Tyrase/AuNP-PANSA/GCE biosensor presents the highest sensitivity of
19 nA cm−2 μM−1 and lowest limit of detection (LoD) of 0.7 μM,
following the linear regression equation: Δj (μA cm−2)=
−3.58× 10−3+1.90×10−2 [Tyr] (μM), with a correlation

Fig. 4. (A) Amperometric response of Tyrase/AuNP-PANSA/CGE biosensor to
tyramine in 0.1M BR buffer (pH 7.0); (B) Calibration curves for tyramine in
0.1M BR buffer (pH 7.0) at −0.30 V for GCE, AuNP/GCE, PANSA/GCE and
AuNP-PANSA/GCE. The error bars are calculated from measurements carried
out with three different biosensors.
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coefficient (R2) equal to 0.9987. For the Tyrase/PANSA/GCE biosensor,
the sensitivity was calculated to be 10 nA cm−2 μM−1 and the LoD
was 1.35 μM, where Δj (μA cm−2)=−0.10+ 1.0× 10−2 [Tyr] μM,
(R2=0.9985). The Tyrase/AuNP/GCE biosensor presented a sensitivity
of 3.20 nA cm−2 μM−1 and LoD of 2.91 μM, with Δj
(μA cm−2)=−0.016+ 3.2× 10−3 [Tyr] μM, (R2=0.9987). Finally,
the Tyrase/GCE biosensor had the lowest sensitivity of
1.20 nA cm−2 μM−1 and highest LoD of 3.98 μM, where Δj
(μA cm−2)=−0.014+ 1.2× 10−3 [Tyr] μM, (R2=0.9987).

In order to evaluate the binding affinity of the immobilized enzyme
(Tyrase) with its substrate Tyr, the Hill constant, h, was estimated from
the slope of the relationship of log (I/Imax) versus log [Tyr] using the
values obtained in the calibration curves. For non-cooperative binding,
the Hill constant is equal to 1.0; values of h < 1 indicate negative
cooperative binding; this means that the binding of ligand makes fur-
ther binding more difficult. Positive cooperativity is reflected in values
of h > 1, meaning that binding of ligand makes further binding easier.
From the Hill plot, the slopes for Tyrase/AuNP-PANSA/GCE, Tyrase/
PANSA/GCE, Tyrase/AuNP/GCE and Tyrase/GCE biosensors were cal-
culated to be 1.43, 1.13, 0.89 and 0.76, respectively, which indicate a
strong affinity between Tyrase and Tyr at the new modified electrode
support (AuNP-PANSA/GCE). This result indicates that the reaction
between the enzyme and the target analyte (Tyr) has Michaelis-Menten
type kinetics, as suggested previously (Berg, Tymoczko, & Stryer, 2006;
Feher, 2012). The Michaelis-Menten constant for Tyrase /AuNP-PANSA/
GCE was estimated to be 79.3 μM, a similar value to those obtained by
Apetrei and Apetrei (2013) (62.65 μM) and Apetrei and Apetrei (2015)
(88.52 μM).

A comparison of the electroanalytical properties of recently re-
ported Tyr sensors is summarized in Table 1. The detection limit of the
new platform, Tyrase/AuNP-PANSA/GCE was similar or lower than that
of other reported biosensors. The same observation can be made for the
linear range of the developed biosensor. Besides this, the novel Tyrase/
AuNP-PANSA/GCE has several advantages, such as easy and rapid
electrode modification, as well as a lower limit of detection and applied
potential, compared with other biosensors for Tyr detection that have
more complex architectures, see Table 1.

3.5.2. Repeatability and stability of Tyrase/AuNP-PANSA/GCE biosensor
The repeatability of the Tyrase/AuNP-PANSA/GCE biosensor was

investigated by amperometrically measuring the response to
100 µM Tyr (BR, pH 7.0). After 20 successive assays the current was

97.5% of the initial value (RSD=4.3%, n=3). When not in use the
biosensors were kept in buffer (BR, pH 7.0) at 4 °C. After 20 days, the
amperometric response of the biosensor for Tyr determination was
94.3% (RSD=4.3%, n=3) of the original, showing that the biosensor
has a favourable long-term stability, comparable to those reported in
the literature (Apetrei & Apetrei, 2013, 2015; Kochana et al., 2016).

3.5.3. Interference studies
Selectivity, a very important parameter for application to real

samples, was evaluated amperometrically at −0.30 V fixed potential by
the sequential addition of possible interferents after the initial addition
of 100 μM Tyr. The interferents added were xanthine (100 μM), hy-
poxanthine (100 μM), L-tyrosine (100 μM) and dopamine (100 μM) after
which a second addition of Tyr was made. The compounds xanthine,
hypoxanthine, and L-tyrosine led to a change in the current of less than
2%. Dopamine presented a reduction in current similar to Tyr, which is
to be expected since it is converted to o-dopaquinone by tyrosinase.
However, dopamine is not normally present in food products, the object
of application of the present biosensor. For the second addition of Tyr,
there was no significant change in the current response, compared with
the first addition.

3.5.4. Determination of tyramine in food and beverages
In order to illustrate the practical and potential applications of the

biosensor proposed, a variety of commercial food samples including
yogurt, Roquefort cheese, red wine and beer were purchased from a
local supermarket to evaluate the presence of Tyr. Amperometric
measurements under optimal experimental conditions were applied for
the quantification. Each sample was measured in triplicate, using the
standard addition method, in order to minimise the matrix effect when
analysing complex samples. The quantity of Tyr found in the original
samples is given as the value obtained in the cell after dilution; which
was 1:20 for dairy foods and 1:100 for fermented drinks. The results are
given in Table 2. It was calculated that Roquefort cheese and yogurt
contained 62.7mg L−1 and 3.07mg L−1 while red wine and beer con-
tained 7.98mg L−1 and 9.65mg L−1, the values achieved being in
agreement with those expected (Mayr & Schieberle, 2012; Novella-
Rodríguez, Veciana-Nogués, Izquierdo-Pulido, & Vidal-Ca, 2003;
Ordóñez et al., 2016). The recoveries were in the range from 93% to
97% with RSDs less than 2.5%, indicating that the proposed method is
appropriate for practical applications in food safety control with an
acceptable level of reliability.

Table 1
Comparative performance of different biosensor configurations for tyramine determination.

Modified electrode configuration Principle of detection Applied potential/
V

Linear range/
µM

LOD/µM KM/µM Ref

Tyrase/PO4-PPy/PtE Amperometry −0.25 (Ag/AgCl) 4.0–80 0.57 62.6 (Apetrei & Apetrei, 2013)
Tyrase–SWCNT–COOH/SPE Amperometry −0.20 (SPE) 5.0–180 0.62 88.5 (Apetrei & Apetrei, 2015)
TyOx/AgNP/L-Cys/AuE Amperometry +0.25 (Ag/AgCl) 17–250 10.0 – (Batra et al., 2012)
PSAO-Nafion/MgO2/CPE Amperometry +0.40 (Ag/AgCl) 10–300 3.0 – (Telsnig et al., 2012)
Tyrase/TiO2/CMK-3/PDDA/Nafion/GE Cyclic voltammetry – 6.0–130 1.5 66 (Kochana et al., 2016)
SPCHRPE

HRP/SPCE
Amperometry 0.0 (SPCE)

0.0 (SPCE)
2.0–456
0.2–21.4

2.1
0.2

–
–

(Calvo-Pérez, Domínguez-Renedo, Alonso-Lomillo,
& Arcos-Martínez, 2013b)

PAO/HOMFc/SPCE Amperometry +0.26 (Ag/AgCl) 2.0–164 2.0 – (Calvo-Pérez, Domínguez-Renedo, Alonso-Lomillo,
& Arcos-Martínez, 2013a)

Tyrase/AuNP-PANSA/GCE Amperometry −0.30 (Ag/AgCl) 10–120 0.71 79.3 This work

Tyrase/PO4-Ppy/PtE - tyrosinase/polypyrrole doped with phosphate ions on platinum disk electrode; Tyrase–SWCNT–COOH/SPE - screen-printed carbon electrodes
modified with carboxyl functionalized Single-Walled Carbon Nanotubes; TyOx/AgNPs/L-Cys/AuE - tyramine oxidase onto citric acid-capped silver nanoparticles
bound to surface of Au electrode through cysteine self-assembled monolayer; PSAO-Nafion/MgO2CPE- Pea seedling amine oxidase immobilized with nafion on
carbon paste modified with manganese dioxide as mediator; Tyrase/TiO2/CMK-3/PDDA/Nafion/GE - Tyrosinase immobilized into mesoporous carbon CMK-3, titania
dioxide sol, poly(diallyldimethylammonium chloride) and Nafion onto graphite electrode; PAO/HOMFc/SPCE - plasma amino oxidase immobilized on screen printed
carbon electrode using hidroxymethylferrocene as mediator.
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4. Conclusions

A novel biosensor configuration based on Tyrase/AuNP-PANSA/GCE
for tyramine determination that is easy to construct, and is rapid and
sensitive is proposed. The new biosensor exhibited a low limit of de-
tection and a wide linear range, similar to values found for more
complex architectures. From the Hill constant h > 1, a strong inter-
action between the enzyme and the electrode substrate was revealed, as
well as a Michaelis-Menten profile. The developed biosensor showed
good selectivity, stability, repeatability, and has been successfully ap-
plied to determine tyramine in commercial food products with good
recoveries, auguring well for its use in food safety control.
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