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ABSTRACT
Mercury is one of the most well-known toxic contaminants of natural and anthropogenic origin in aquatic ecosystems that
can bioaccumulate in vegetal and animal organisms. In this work, we propose a smart detection system for Hg(II) ions by
square wave anodic stripping voltammetry at nanocomposite graphite screen-printed electrodes, as an analytical tool to be
applied in food quality control. The nanocomposite surfaces were obtained by the modification of screen-printed graphite
electrodes with poly(l-aspartic acid) and gold nanoparticles and were characterized by means of electrochemical techniques.
An exhaustive study of the experimental conditions involved both in the electropolymerization and in the voltammetric
stripping measurements was addressed to develop a reliable method capable of measuring Hg(II) concentration in the low μg/
L range, both in conventional and drop configurations. The sensor was integrated in a smart setup, comprising a Sensit Smart
pocket instrument connected to a smartphone, thus proving its applicability for in situ analysis due to its cost-effectiveness.
The analytical significance of the developed sensor was assessed by detecting Hg(II) in novel food samples.

1 | Introduction

According to the Food and Agriculture Organization (FAO),
the current food production will have to increase by at least the
60% by 2050 to meet the demands of the growing world
population [1]: this necessity is one of the key drivers leading
to the introduction of alternative foods in daily diet, together
with increasing globalization, ethnic diversity and the search
for new sources of nutrients [2]. Novel foods have been defined
by the European Commission as “food that had not been
consumed to a significant degree by humans in the EU before
15 May 1997”, when the first novel food regulation came into
force [3], and comprise foods with a new or intentionally
modified primary molecular structure, foods isolated from
microorganisms, fungi or algae, food isolated from plants or
animals, and others [4]. Among these, algae and insects are

increasingly being introduced in Western societies as viable
alternatives to animal proteins sources thanks to their rich
nutritional content (proteins, fats, minerals, vitamins), lower
request of land and water, and ability to grow on minimal
nutrients [5].

However, since novel foods do not have a history of extensive
consumption in Western industrialized countries, there is still
a climate of insecurity about the related food safety because of
the possible retention of contaminants [6]. For instance, food
and feed consumption are one of the main pathways of
exposure to heavy metals, which cause intoxication leading to
diseases such as itai-itai (cadmium), saturnism (lead) and
mercury poisoning. Contamination by mercury and its organic
forms is one of the most critical issues due to the toxicity,
persistence, and biological accumulation; environmental stud-
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ies assessing mercury bioaccumulation in insects can also
provide interesting data [7–10]. In order to ensure the safe
intake of novel foods and food in general, heavy metals and,
specifically, mercury detection at trace levels results to be of
utterly importance. To reach this goal, electrochemical techni-
ques show themselves to be promising for in situ analysis,
because electrodes can be immersed into samples of interest
with minimal perturbation [11], and to fulfil the 4S’s criteria
identified for a sensing probe to conform itself to: sensitivity,
selectivity, size and speed [12]. Furthermore, screen-printed
electrodes (SPEs) are in fact particularly suitable for in situ
analysis due to both their small size and their cost effective-
ness. Bare or modified screen-printed gold electrodes own a
high affinity for Hg(II) and are usually chosen for inorganic
mercury detection because the enhancement they provide in its
preconcentration; moreover, the drawbacks caused by amal-
gam formation between gold and mercury are overcome, as
SPEs do not require time-consuming cleaning treatments [13–
16].

Gold-based nanomaterials have been also used as surface
modifiers for carbon or graphite SPEs [17], allowing in some
cases a further modification by immobilizing DNA strands for
mercury recognition [18]. Kauffman’s research group modified
a screen-printed carbon electrode with gold nanoparticles by
amperometry, detecting mercury up to 100 μg/L with a
detection limit of 1.02 μg/L even in underground water [19]. In
the study by Karapa et al. a plastic electrochemical sensor
fabricated by injection molding was developed, and Au(III) was
spiked into the samples and co-deposits with Hg(II) during the
analysis to form an Au(Hg) amalgam in situ: mercury ions
were also determined in complex matrices as honey, mussels
tissue and fish oil with a detection limit of 0.4 μg/L [20]. Chen
and collaborators have recently proposed an electrochemical
sensor for mercury detection where gold nanoparticles and Hg
were co-deposited on the electrode during the enrichment
process, retrieving a limit of detection of 0.33 μg/L and
applying the sensor in the analysis of drinking water samples
[21].

In order to facilitate charge transfer between the electrode and
the redox species, the modification of the electrodic surface
with nanocomposite materials containing different types of
organic or inorganic compounds has been extensively per-
formed [22]; in particular, conductive polymers, as polyaniline

and its derivatives [23–25], alone or in combination with metal
oxide nanoparticles [26], have shown good electrical conductiv-
ity, adhesion and adsorption ability towards Hg(II) [27, 28].
However, one critical point when dealing with this kind of
polymers is about the carcinogenicity related to their mono-
mers; therefore, nontoxic, biocompatible and biodegradable
alternatives such amino acids have drawn a lot of attention in
the last few years due to their advantages, including electro-
chemical stability and a wide number of side functional groups
[29]. Moreover, recognition layers formed by amino acids
grafted onto the working electrodes were also developed for
metal ions detection, for the strong interaction established
between the modified surface and the analytes, thus enhancing
the performance of the electrochemical platform [30].

Taking into account all the aforementioned considerations, this
work aims to present a nanocomposite electrochemical plat-
form for the determination of Hg(II) in novel foods samples,
such as algae and house cricket flour (Acheta domesticus,
recently authorized by the EU as novel food [31]). In particular,
poly(l-aspartic acid) (p(l-Asp)) was combined with gold nano-
particles (AuNPs) to form a sensing layer onto graphite screen-
printed electrodes (GSPEs), increasing their electroactive sur-
face area and enhancing their sensitivity for mercury detection
by means of square wave anodic stripping voltammetry
(SWASV).

As far as we know, none of the previously cited studies made
use of GSPEs modified with a polyaminoacid and noble metal
nanoparticles for mercury detection. In this regard, even if the
use of conducting polymers and gold nanoparticles, although
employed separately as working electrode modifiers, is not new
in detecting mercury, the main novelty of this work relies in
the application of the developed platform in the analysis of real
samples deriving from seaweeds and insects.

Testing these complex matrices is a crucial point in determin-
ing the applicability of the sensor for food quality control
purposes, also considering the increasingly spreading of novel
foods in the worldwide diet. Keeping this aim in mind, both
the modification and detection steps were accurately studied to
retrieve the optimal detection conditions for mercury in the
aforementioned samples. Moreover, the present study shows
lower detection limit and analysis time if compared to the
reported bibliographic findings (Table 1).

TABLE 1 | Analytical details of the reported studies on mercury determination with gold nanomaterials-modified carbon screen-printed
electrodes.

Working
electrode Modification

LOD
(μg/L)

Linear range
(μg/L)

Analysis time
(min) Real samples Ref.

Carbon SPE AuNPs 1.02 1–100 �6 Underground water [19]

Carbon SPE Au(Hg) amal-
gam

0.4 1.2–80 �8 Honey, mussels tissue
and fish oil

[20]

Carbon SPE Au(Hg) amal-
gam

0.33 0.5–80 �5 Drinking water [21]

GSPE AuNPs/p(l-
Asp)

0.24 5–25 �1 Seaweeds and house
cricket flour
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2 | Materials and Methods

2.1 | Chemicals

Hg(II) atomic absorption standard – 1000 mg/L in nitric acid
(HNO3), diluted as required in 0.5 M HNO3; l-aspartic acid (l-
Asp); tetrachloroauric acid (HAuCl4); sulfuric acid (H2SO4);
sodium chloride (NaCl); potassium chloride (KCl); potassium
ferrocyanide (K4[Fe(CN)6]); potassium ferricyanide (K3[Fe-
(CN)6]); hexaammineruthenium(II) chloride ([Ru(NH3)6]Cl2),
hexaammineruthenium(III) chloride ([Ru(NH3)6]Cl3), di-so-
dium hydrogen phosphate (Na2HPO4); sodium di-hydrogen
phosphate (NaH2PO4). All reagents were purchased from
Merck (Darmstadt, Germany). All solutions were prepared
with Milli-Q water (resistivity: 18 MΩ).

2.2 | Apparatus

A PalmSens portable potentiostat/galvanostat and a Sensit
Smart pocket potentiostats/galvanostat (PalmSens BV, Houten,
The Netherlands), controlled by PSTrace 5.9 software or
PSTouch application, respectively, for data acquisition and
elaboration, were used for performing the electrochemical
measurements, which were conducted at room temperature.
Specifically, the modification and characterization steps were
performed with PalmSens, while the detection step was
performed by using Sensit Smart. The experiments were carried
out on screen-printed electrochemical cells (EcoBioServices srl,
Sesto Fiorentino (FI), Italy) based on a graphite working
electrode, a graphite counter electrode, and a silver pseudo-
reference electrode, to which all the reported potentials refer.
Scanning electron microscopy (SEM) analysis was performed
with a Gaia 3 microscope (Tescan a.s., Brno, Czech Republic).
SEM morphologies were acquired using an acceleration voltage
of 20 kV. Energy dispersive X-ray analysis (EDX) was
performed to assess the elemental composition of the modified
electrode surface.

2.3 | Electrodes Modification

Graphite screen-printed electrodes (GSPEs) were modified by
electrodepositing a film of poly(l-aspartic acid) (p(l-Asp)) by
cyclic voltammetry (CV) and gold nanoparticles (AuNPs) by
amperometry; the nanocomposite-modified electrodes were
addressed as AuNPs/p(l-Asp)/GSPE.

Briefly, the electropolymerization was conducted by dropping
50 μL of a 2 mM l-Asp solution in 0.05 M phosphate buffer
solution (PBS) pH 7.4, containing 0.1 M NaCl, and by scanning
the potential from +1.0 V to +1.7 V for 20 cycles at 100 mV/s.
Electrodeposition of AuNPs was then performed onto the
polymer-modified surfaces (p(l-Asp)/GSPE) by dropping 50 μL
of a 0.5 mM HAuCl4 solution in 0.5 M H2SO4 and by applying a
potential of � 0.2 V for 130 s.

Finally, the nanocomposite-modified platforms were rinsed
with Milli-Q water and let dry at room temperature before use.

2.4 | Study of the Electrochemical Performance of
AuNPs/p(l-Asp)/GSPE

To gain insights into the nanostructuration of the electrode
surface, and especially into its influence on the electrochemical
performance of the screen-printed cells, CV measurements
were performed on the modified GSPEs at different scan rates
(25, 50, 75, 100, 125, 150, 175 mV/s) after each step of
modification by dropping 50 μL of 5 mM [Fe(CN)6]� 4/� 3 redox
probe (equimolar solution prepared in 0.1 M KCl) and scanning
the potential in a range comprised between � 1.0 V and +1.0 V.
The current peak height (ip) of both cathodic and anodic peaks
was plotted against the square root of the scan rate (v1/2). The
obtained curves were fitted with the Randles-Sevcik equa-
tion [32]:

ip ¼ ð2:69� 105Þ n3=2A c ðD vÞ1=2 (1)

where n is the number of electrons transferred in the redox
event, A (cm2) is the electroactive surface area, c (mol/cm3) is
the probe bulk concentration and D (cm2/s) is the diffusion
coefficient for the oxidized analyte. A further voltammetric
characterization was performed in presence of the positively-
charged [Ru(NH3)6]+2/+3 redox probe (1 mM equimolar solu-
tion prepared in 0.1 M KCl) in the same scan rate conditions
and scanning the potential in a range comprised between
� 0.55 V and +0.05 V. Electrochemical impedance spectroscopy
(EIS) measurements were also performed in presence of 5 mM
[Fe(CN)6]� 4/� 3 redox probe (equimolar solution prepared in
0.1 M KCl) by scanning the frequency in the range 100 kHz–
10 mHz with an amplitude of 10 mV at a fixed DC potential of
+0.13 V. EIS spectra, presented in the form of complex plane
diagrams (i. e., Nyquist plots), were fitted with the proper
equivalent circuit (Figure 1), while charge transfer resistance
(Rct) values were taken as analytical signals.

EIS measurements were also performed for each modification
step at different concentrations (0.1, 0.2, 0.5, 1, 2, 5 mM) of
[Fe(CN)6]� 4/� 3 redox probe (equimolar solution prepared in
0.1 M KCl). The obtained Rct values were plotted against the
inverse of the concentration (1/C) and the resulting curves
were fitted with the following equation [33]:

Rct ¼
RT

n2F2A k0 � 1=C (2)

where R (8.3145 J/(mol·K)) is the gas constant, T (K) is the
temperature, n is the number of electrons transferred in the

FIGURE 1 | Randles equivalent circuit used to fit EIS measure-
ments (Rs: electrolyte resistance, Cdl: double layer capacitance, Rct:
charge transfer resistance, Zw: Warburg impedance).
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redox event, F (96500 C/mol) is the Faraday constant, A (m2) is
the electroactive surface area and k0 (cm/s) is the electron
transfer rate constant.

The thus tested SPEs were discarded after each CV or EIS
measurement.

2.5 | Voltammetric Stripping Determination of
Hg(II) at Nanocomposite-Modified Electrodes

Hg(II) calibration curve at the nanocomposite AuNPs/p(l-Asp)/
GSPEs platforms was performed by means of square wave
anodic stripping voltammetry (SWASV) in a mixture of 10 mM
HNO3 and 10 mM NaCl as the supporting electrolyte solution.
SWASV measurements were carried out by applying a deposi-
tion potential (Edep) of � 0.4 V for a deposition time (tdep) of 30 s
in order to promote the accumulation of the mercury on the
nanocomposite platform surface under stirring conditions; the
tdep was increased up to 180 s under drop conditions. After an
equilibration time of 10 s, SWASV curves were recorded
between +0.2 V and +0.8 V with a frequency of 25 Hz, a
potential step of 2.5 mV and an amplitude of 10 mV.

Concerning the conventional configuration, stripping measure-
ments were performed by immersing the screen-printed cells in
5 mL of the supporting electrolyte, where mercury concen-
tration was increased by consecutive additions of a 5 mg/L
standard solution. Concerning the drop configuration, stripping
measurements were performed by consecutively dropping
50 μL of different solutions at increasing concentration of
Hg(II) onto the screen-printed cells; after each stripping scan,
the dropped solution was discarded. Each mercury determi-
nation is reported as the average of at least three different
measurements. The sensitivity of the method was determined
from the slope of the calibration curve and the limit of
detection (LOD) was computed as three times the standard
deviation of the blank divided by the slope of the calibration
curve. The inter-assay reproducibility was evaluated by calcu-
lating the percentage relative standard deviation (%RSD) from
at least ten independent measurements on different screen-
printed cells.

2.6 | Analysis of Novel Food Samples

Different types of red (Porphyra dioica, P. yezoensis – also
known as nori – and Palmaria palmata) and brown algae
(Undaria pinnatifida – also known as wakame – and
Ascophyllum nodosum), used both for human consumption and
animal feeding (e. g., Acheta domesticus [34]) and Acheta
domesticus flour were chosen as increasingly-used examples of
novel foods.

A portion of each food powder was mixed with a solution of
HNO3/H2O2 1 :1 and a mineralization was performed in a
microwave oven. The samples were initially irradiated for
20 min, to raise their temperature from 20°C to 200°C; then, a
maximum power of 1600 W maintained the temperature
constant at 200°C for at least 3 h. The resulting suspensions
were filtered and diluted at a proper ratio in the supporting

electrolyte. Mercury determination was performed by spiking
the obtained extracts with Hg(II) standard solutions and by
performing stripping analysis under the same experimental
conditions as previously reported.

3 | Results and Discussion

3.1 | Optimization of p(l-Asp) and AuNPs
Electrodeposition

Poly(l-aspartic acid) can be easily deposited by means of CV
onto carbon-based electrodes by electrooxidation of its mono-
mer, where the resulting radical could link to the electrode
surface and then form a polymeric layer rich in negatively
charged groups [35], which could also be exploited for the
immobilization of several bioreceptors.

The properties of the electrodeposited film can be easily tuned
by varying its thickness, which can be realized by controlling
the amount of charge passing during the polymerization event;
therefore, the optimization of the voltammetric parameters
results to be of outstanding importance.

For this purpose, l-Asp was polymerized onto GSPEs at
different concentrations of l-Asp precursor (0.5, 1, 2 and 5 mM)
and using a different number of cycles (10, 15, 20, 25, 30) and
the modified electrodes were characterized by means of CV
and EIS (Figure 2 and Figure 3).

The obtained current peak heights and charge transfer
resistance values follow two opposite and complementary
behavior, as the first has a maximum when [l-Asp] is equal to
2 mM, that is the value where the second shows a minimum.
Therefore, this concentration was used for l-Asp polymer-
ization in all the subsequent experiments.

From the reported voltammograms, it can be observed that the
current peak height increased with increasing the number of
cycles for the polymerization, while Nyquist plots show that

FIGURE 2 | Peak current and Rct values of poly(l-aspartic acid)-
modified GSPEs in 5 mM [Fe(CN)6]� 4/� 3 (equimolar solution prepared
in 0.1 M KCl) at different l-Asp concentrations (polymerization cycles:
20).
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the diameter of the circular portion of the curve (related to the
charge transfer resistance, Rct) exhibits an opposite behavior, as
it decreased with increasing the number of cycles. A further
CV and EIS comparison was also performed between polymer-
modified GSPEs, with 20 and 30 cycles of polymerization, after
the electrodeposition of gold nanoparticles for 130 s
(Figure S1).

As it is clear from both graphs, no difference can be
appreciated between the platforms built with l-Asp polymer-
ized for 20 or 30 cycles; therefore, for the sake of quickness, 20
cycles were used for the electropolymerization in all the
subsequent experiments.

To complete the optimization process of the nanostructured
platform, different concentrations of HAuCl4 precursor (0.05,
0.1, 0.2 and 0.5 mM) and amperometry times (70, 100, 130, 160,
190 s) for the deposition of gold nanoparticles were also used
and the resulting platforms were characterized with CV and
EIS as shown until now (Figure 4 and Figure 5).

The current peak heights increase with increasing concentra-
tions of the precursor, while the charge transfer resistance

follows again an opposite behavior: therefore, 0.5 mM was used
to electrodeposit gold nanoparticles in all the subsequent
experiments.

FIGURE 3 | a) CV and b) EIS characterization of * bare and *

poly(l-aspartic acid)-modified GSPEs in 5 mM [Fe(CN)6]� 4/� 3 (equimo-
lar solution prepared in 0.1 M KCl) at different polymerization cycles
([l-Asp]=2 mM).

FIGURE 4 | Peak current and Rct values of AuNPs/p(l-Asp)/GSPEs
in 5 mM [Fe(CN)6]� 4/� 3 (equimolar solution prepared in 0.1 M KCl) at
different HAuCl4 concentrations (amperometry time: 130 s).

FIGURE 5 | a) CV and b) EIS characterization of * bare and *

AuNPs/p(l-Asp)/GSPEs in 5 mM [Fe(CN)6]� 4/� 3 (equimolar solution
prepared in 0.1 M KCl) at different gold deposition times ([HAuCl4]=

0.5 mM).
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As already happened previously (Figure S1), no appreciable
difference can be observed between the nanocomposite plat-
forms where gold was electrodeposited for different times;
therefore, to find a compromise between retrieving a good
conductivity and avoiding exceeding in the amount of the
metal, 130 s was chosen as the electrodeposition time for gold
nanoparticles and was used for all the subsequent experiments.

The nanostructured platform obtained under the optimized
conditions was characterized by CV in 0.1 M KCl solution
(Figure S2).

The obtained voltammetric scans clearly show the presence of
redox peaks when gold is electrodeposited either on bare
graphite or polymer-modified GSPEs, thus confirming the
presence of AuNPs on the electrodic surface. A further
characterization was also performed by means of SEM and
EDX to assess for the morphology and the composition of the
surface (Figure 6).

SEM morphology confirms the presence of AuNPs, which are
randomly distributed on the surface of the working electrode;
moreover, EDX analysis was carried out to assess the effective

modification of the electrodes, which was confirmed by the
presence of a characteristic gold band around 2.2 keV.

3.2 | Electrochemical Performance of the
Nanocomposite Platform

The optimized nanocomposite platform comprising poly(l-
aspartic acid) and gold nanoparticles was electrochemically
characterized in all its assembly steps by performing cyclic
voltammograms at different scan rates in presence of the
reversible redox couple [Fe(CN)6]� 4/� 3 to assess for an
enhancement of the electrochemical performance of the graph-
ite working electrode after the modification procedure.

The cyclic voltammograms obtained for bare and modified
GSPEs are shown in Figure 7.

As it can be observed, an increase in the current peak height,
both in oxidation and in reduction, is retrieved by comparing
the nanocomposite-modified electrochemical platform with the
bare graphite working electrode, as poly(l-aspartic acid) and
gold nanoparticles fostered the electron transfer between the
redox probe and the electrode surface.

Moreover, the scan rate study shows that both the anodic (ipa)
and the cathodic (ipc) peak current increased with increasing
the scan rate from 25 mV/s to 175 mV/s (Figure S3).

A good linearity was obtained between the ip values and the
square root of the scan rate, suggesting that the electron
transfer process was controlled by diffusion. These linear
relationships also confirmed that the electrochemical processes
occurring at the electrode surface are kept efficient and
confined to the surface after the modification with the nano-
composite film, which does not hinder the electron transfer
but, instead, favors it.

The electroactive surface area could be then calculated for each
assembly step by applying the Randles-Sevcik equation to the
angular coefficient of the linear regressions previously retrieved
after plotting the current peak height vs. the square root of the
scan rate. The obtained values are reported in Table 2.

FIGURE 6 | Microscopic characterization of the nanostructured
platform. (a) SEM morphology of AuNPs/p(l-Asp)/GSPEs and (b) EDX
spectrum of AuNPs/p(l-Asp)/GSPEs.

TABLE 2 | Electroactive area values calculated with the Randles-
Sevcik equation for all the building steps of the nanocomposite
platform.

GSPE
p(l-Asp)/
GSPE

AuNPs/p(l-
Asp)/GSPE

Anodic area
(mm2)

4.8 2.9 6.2

Cathodic area
(mm2)

4.1 3.3 5.9

Average area
(mm2)

4.5 3.1 6.1

Standard devia-
tion (mm2)

0.5 0.3 0.2
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The calculated electroactive area values confirmed that the
nanocomposite-modified electrodes showed the faster charge
transfer behavior previously demonstrated by the cyclic
voltammograms reported in Figure 7. Regarding the modifica-
tion of GSPEs with the sole poly(l-aspartic acid), the electro-
active area resulted to be smaller than that related to the bare
electrodes; even if the use of the polymer gave reproducibility
and reversibility to the surface (as it can also be observed from

the reduction in the potential peak separation when passing
from GSPEs to p(l-Asp)/GSPEs), its presence may have
established an electrostatic repulsion between the carboxylic
groups of the polymer and the negatively charged redox probe,
which led to a decrease in the area with respect to the
unmodified GSPEs. Even if these findings seem to be somehow
in contrast between each other, it may be possible that the
similarities between the CV peaks before and after the electro-
polymerization are due to a counterbalance between two
effects: the increase of the current brought by the increase of
the nanostructuration after the polymer formation, and the
decrease of the current brought by the aforementioned electro-
static repulsion. A further confirmation was retrieved when
repeating the scan rate study in presence of the positively-
charged redox probe [Ru(NH3)6]+2/+3 for all the assembly steps
of the nanostructured platform (Figure 8).

As it can be seen from the reported voltammograms, the
increase in both anodic and, especially, cathodic current peak
heights retrieved when comparing the polymer-modified sur-
face with the bare graphite working electrode is more
pronounced than that obtained in the study performed with
[Fe(CN)6]� 4/� 3. This could be explained this time with the
establishment of an electrostatic attraction between the carbox-
ylic groups of the polymer and the positively charged redox
probe. The aforementioned findings were also confirmed by
the results of EIS measurements, as they are complementary to
those given by CV: in fact, the Rct values of the electrode
modified with both the nanostructured materials (0.2 kΩ)
decreased significatively with respect both to the polymer-
modified GSPE (0.7 kΩ) and to the unmodified GSPE (1.8 kΩ),
as shown in Figure 9.

As a further confirmation of the above-mentioned results, EIS
measurements were also performed at different concentrations
of [Fe(CN)6]� 4/� 3 redox probe to calculate the electron transfer
rate constant. The Nyquist plots obtained for bare and modified
GSPEs are shown in Figure S4. k0 could be then calculated for
each assembly step by applying the Equation (2) to the angular
coefficient of the linear regressions previously retrieved after
plotting the Rct values vs. the inverse of the concentration of the
redox probe. The calculated k0 values (6.72·10� 4 cm/s for
GSPEs, 2.44·10� 3 cm/s for p(l-Asp)/GSPEs and 4.13·10� 3 cm/s
for AuNPs/p(l-Asp)/GSPEs) confirmed once more the faster
charge transfer behavior previously demonstrated for the
nanocomposite-modified electrodes.

3.3 | Optimization of the Experimental Conditions
for Stripping Analysis

Searching for a compromise between an improvement of the
analytical response and a decrease of the analysis time, key
experimental parameters, as the deposition time (tdep) and the
deposition potential (Edep), were assessed upon the Hg(II)
stripping signal. The optimization of tdep was performed at an
Edep of � 0.4 V by varying Hg(II) concentration in the range 5–
25 μg/L and by depositing mercury ions for 15 s, 30 s or 45 s;
Table 3 shows the analytical features of the calibration curves
obtained for each one of the selected values.

FIGURE 7 | CV characterization of unmodified GSPEs and nano-
composite-modified GSPEs in 5 mM [Fe(CN)6]� 4/� 3 (equimolar solution
prepared in 0.1 M KCl) at different scan rates. a) GSPEs; b) p(l-Asp)/
GSPEs; c) AuNPs/p(l-Asp)/GSPEs.
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From the reported results, it can be noted that – consistently
with the principle of the technique – the sensitivity of the
method increases with increasing the deposition time, together
with the maximum value of the percentage relative standard
deviation (%RSD) related to the datapoints of the linear
regressions. The advantages brought by these two opposite
trends meet together when using 30 s as tdep, when the lowest
LOD was also retrieved: therefore, this value for tdep was used
for all the subsequent experiments. In a similar manner, the
optimization of Edep was performed at a tdep of 30 s by varying

Hg(II) concentration in the range 5–25 μg/L and by depositing
mercury ions at � 0.3 V, � 0.4 V or � 0.5 V; Table 4 shows the
analytical features of the calibration curves obtained for each
one of the selected values.

The obtained results show that a higher sensitivity was
retrieved when using a lower deposition potential: however,
the %RSD values, together with the LOD values, are higher if
using an Edep different from � 0.4 V. Therefore, an Edep of
� 0.4 V was used in all the following experiments.

FIGURE 8 | CV characterization of unmodified GSPEs and nano-
composite-modified GSPEs in 1 mM [Ru(NH3)6]+2/+3 (equimolar
solution prepared in 0.1 M KCl) at different scan rates. a) GSPEs; b)
p(l-Asp)/GSPEs; c) AuNPs/p(l-Asp)/GSPEs.

FIGURE 9 | EIS characterization of unmodified GSPEs and nano-
composite-modified GSPEs in 5 mM [Fe(CN)6]� 4/� 3 (equimolar solution
prepared in 0.1 M KCl): * GSPEs; * p(l-Asp)/GSPEs; * AuNPs/p(l-Asp)/
GSPEs.

TABLE 3 | Analytical parameters of mercury calibration curves
obtained at deposition potential of � 0.4 V and deposition times of 15 s,
30 s and 45 s (n=3).

tdep=

15 s
tdep=

30 s
tdep=

45 s

Sensitivity (mA·L/
g)

15.3 20.8 32.8

R2 0.9985 0.9982 0.9969

LOD (μg/L) 0.34 0.24 0.60

%RSDmax 8.5 14.3 23.4

TABLE 4 | Analytical parameters of mercury calibration curves
obtained at deposition time of 30 s and deposition potentials of � 0.3 V,
� 0.4 V and � 0.5 V (n=3).

Edep=

� 0.3 V
Edep=

� 0.4 V
Edep=

� 0.5 V

Sensitivity
(mA·L/g)

13.2 20.8 29.4

R2 0.9946 0.9982 0.9384

LOD (μg/L) 1.10 0.24 1.01

%RSDmax 22.8 14.3 32.9
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3.4 | Mercury Detection by SWASV

The evaluation of the analytical performance was conducted by
means of SWASV calibration of mercury performed in triplicate
by using a new nanostructured GSPE in each replicate.
Calibration curves were obtained by measurements carried out
under the optimized conditions: the analyzed Hg(II) concen-
trations increased from 0 μg/L to 50 μg/L, while a linear
response was retrieved in the range 0–25 μg/L. The oxidation
peak of mercury observed around +0.46 V increased linearly
with the metal concentration. The obtained voltammograms,
together with the resulting calibration curve are shown in
Figure 10.

With the aim of highlighting the improvements of the nano-
structured electrode for Hg(II) detection, the whole stripping
procedure was repeated at bare and one component-modified
graphite electrodes (that is, p(l-Asp)/GSPE and AuNPs/GSPE).
While bare and polymer-modified electrodes were not able to
properly detect mercury, a stripping peak could be observed
when testing gold-modified GSPEs, due to the fact of an
amalgam formation between the analyte and the noble metal,
as previously mentioned in section 1.

The SWAS voltammograms obtained in these conditions are
shown in Figure S5. A clear potential shift towards more

negative values can be observed when mercury concentration
increases, together with a consistent variation of the baseline
obtained when analyzing the blank solution; moreover, no
definite mercury peak could be detected for concentrations
lower than 5 μg/L, and the saturation of the signal occurs at a
lower mercury concentration (15 μg/L) with respect to that
occurring with AuNPs/p(l-Asp)/GSPE platform (25 μg/L).

The detection limit of 0.24 μg/L for mercury was calculated
from the 3·sb/m criterion, where sb is the blank standard
deviation and m is the slope of the calibration plot. Under
optimal conditions, the reproducibility of the AuNPs/p(l-Asp)/
GSPEs platform was also studied by performing ten calibration
curves for Hg(II) in the supporting electrolyte and evaluating
the variation in the sensitivity (i. e., the slope of the calibration
curve). A highly stable response along ten consecutive meas-
urements was obtained with a %RSD of 9%, thus proving that
the nanocomposite-modified GSPEs own a high reproducibil-
ity.

3.4.1 | Drop Analysis

The use of screen-printed cells has significantly increased in
several fields as clinical, environmental and food control
chemistry because of their low cost due to mass production
and of the miniaturization allowed by their small dimensions;
all these features make them particularly attractive for
performing rapid and in situ analysis [36].

Therefore, in order to develop a portable device and to simplify
the experimental setup, drop measurements were performed by
dropping onto the nanocomposite-modified GSPEs solutions
containing an increasing concentration of Hg(II) up to 50 μg/L;
SWASV scans were then performed under the optimized
experimental conditions. However, since the stirring conditions
are usually present in stripping analysis to promote the
accumulation of the metal onto the electrodic surface, a drop
configuration could somehow hamper the diffusion processes
occurring in solution. In fact, the deposition time of 30 s, which
resulted to be the optimal parameter for Hg(II) analysis in the
conventional configuration, was not sufficient in the case of
drop measurements. Further tests were then performed by
increasing the tdep up to 180 s, which resulted to be the optimal
one for this configuration, as the corresponding calibration
curve owns the highest sensitivity and R2, with low standard
deviation values (data not shown).

The voltammograms obtained under these new conditions,
together with the corresponding calibration curve, are shown
in Figure 11.

From the obtained results, the sensitivity decreased down to
almost the 16% of that obtained in the conventional config-
uration; moreover, the detection limit of 0.62 μg/L is higher
than that retrieved previously. On the other side, a linear
correlation was retrieved between the current peak height and
the concentration of mercury up to 50 μg/L without any
saturation of the electrode surface. These phenomena are also
consistent with what was already observed for the stripping
analysis of other metals [37].

FIGURE 10 | a) SWAS voltammograms at AuNPs/p(l-Asp)/GSPE
for increasing concentration of mercury and b) corresponding calibra-
tion curve (n=3).
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3.5 | Selectivity

As some frequently occurring metal ions such as Cd(II), Cu(II),
Pb(II) and Zn(II) could potentially interfere in the determina-
tion of Hg(II) by SWASV at AuNPs/p(l-Asp)/GSPEs. In fact,
these metal ions could compete with mercury in the formation
of an amalgam with gold nanoparticles or generate further
reduction peaks that overlap with that of the analyte. There-
fore, experiments were performed to assess the extent of this
interference.

Mercury stripping analysis was performed in presence of 15 μg/
L of Hg(II) and each one of the aforesaid metals at
concentrations of 100-fold and 500-fold, both in conventional
and drop configuration. The obtained stripping current values
(iHg(II)+M(II)) were thus compared with those retrieved in absence
of any interferent metal (iHg(II)), as shown in Table 5.

As it can be observed from the reported values, the influence of
the metals on Hg(II) signal is variable, even if no additional
peaks could be detected in the obtained voltammograms along
the potential range used for the stripping scan. Lead excesses
had a strong influence on Hg(II) signal, causing an average
80% increase for the conventional stripping analysis, while an
average 70% increase for drop analysis. Almost independently

from the configuration, cadmium caused an average 25%
variation in the stripping current of mercury, while at higher
concentrations this increase raised up to the 35%. Copper
caused a substantial increase of Hg(II) stripping current in the
conventional configuration both at 100- and 500-fold concen-
trations, while the situation is inverted in drop configuration,
when no significative effect was observed. Lastly, zinc caused a
negligible effect regardless its concentration, both in conven-
tional and drop configuration.

3.6 | Real Samples Analysis

The applicability of the proposed method in the development
of a smart setup for food quality control was evaluated by
analyzing several complex matrices deriving from novel food
samples, such as seaweeds and cricket flour. The samples were
pretreated as reported in section 2.6; the determination of
mercury was carried out after diluting the samples to a proper
ratio, by spiking them with increasing concentrations of Hg(II)
in the same range of the calibration curve in standard solutions
and by performing SWASV measurements under the optimized
conditions in drop configuration. The obtained results are
shown in Table 6.

As it can be observed from the reported values, the sensitivity
values for mercury determination in the selected matrices is
comparable to those obtained from the calibration curve in
standard solutions (section 3.4.1), both in red and brown algae,
which could be a promising element for mercury detection in
contaminated novel foods, the analysis of which could even
strengthen the aforementioned results. However, a reduction in
the sensitivity was retrieved in the case of mercury determi-
nation in cricket flour extract; this effect may be due to a
higher complexity of the animal matrix compared to the vegetal
ones that may exert a stronger influence on mercury detection.

4 | Conclusions

In this work, a nanocomposite made up by poly(l-aspartic acid)
(p(l-Asp)) and gold nanoparticles (AuNPs) was directly electro-
deposited onto the surface of commercial graphite screen-
printed electrodes (GSPEs): the developed electrochemical
platform was studied by CV and EIS techniques and then
tested for the determination of Hg(II) by SWASV. An
optimization step of the electrochemical parameters related
both to the electropolymerization of the aminoacid and the
preconcentration of mercury ions was performed; then, calibra-
tion curves were obtained under the application of a deposition
potential of � 0.4 V during a deposition time of 30 s.

A well-defined Hg(II) stripping peak, that increased propor-
tionally with the concentration of the metal ion, arose. The
adopted strategy resulted to own a high reproducibility, as the
percentage relative standard deviation value on the sensitivity,
obtained when performing at least ten calibration curves, was
below 9%.

Taking into account the increasing interest in developing a
portable device, the applicability of the presented analytical

FIGURE 11 | a) SWAS voltammograms at AuNPs/p(l-Asp)/GSPE
for increasing concentration of mercury and b) corresponding calibra-
tion curve (n=3) in drop configuration.
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procedure was proven even in drop configuration for on spot
rapid analysis. The decrease in the sensitivity retrieved for
mercury determination in these conditions was counterbal-
anced by an enhancement of the reproducibility and a
widening of the linear range: these results were simply
retrieved by just increasing the deposition time to 180 s without
reaching the saturation of the surface.

Mercury was detected by the presented sensor not only in
standard solutions but also in complex matrices as those
deriving from novel food samples (e. g., algae and house
cricket), in a short analysis time of around 1 min for the
conventional and 3.5 mins for drop configuration. As the
analyzed algae were obtained from local markets and are thus
intended for human consumption, we expected then to find a
low amount or even no mercury content; a similar reasoning
could be made for house cricket flour, which was not obtained
from local markets but derived from animals fed with the

previous kind of algae: therefore, the authors had deemed
appropriate to spike these matrices with Hg(II) standard
solutions, so that to give a proof of concept of mercury
detection in novel foods, which could open the way to further
studies to be performed on mercury-contaminated samples.

Therefore, the enhancement of reproducibility and sensitivity
given by the developed nanocomposite, together to the native
advantages of screen-printed electrodes such as low-cost,
disposability, portability, etc., make the modified GSPEs well
suited for their future implementation in the determination of
the amount of mercury contained in real samples, as the tested
novel foods.
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TABLE 5 | Interference study of different metal ions on mercury detection (n=3).

Conventional configuration Drop configuration

Interferent Excess
iHg(II)+M(II)

(μA)
iHg(II)+M(II)/

iHg(II)
Signal varia-
tion (%)

iHg(II)+M(II)

(μA)
iHg(II)+M(II)/

iHg(II)
Signal varia-
tion (%)

None 0.329�
0.021

1.00 - 0.046�
0.002

1.00 -

Cd(II) 100 0.424�
0.021

1.29 +29 0.060�
0.003

1.31 +31

500 0.392�
0.015

1.19 +19 0.064�
0.003

1.39 +39

Cu(II) 100 0.829�
0.016

2.52 +152 0.055�
0.002

1.19 +19

500 0.816�
0.018

2.48 +148 0.048�
0.001

1.04 +4

Pb(II) 100 0.612�
0.024

1.86 +86 0.080�
0.001

1.74 +74

500 0.582�
0.022

1.77 +77 0.077�
0.002

1.67 +67

Zn(II) 100 0.355�
0.019

1.08 +8 0.051�
0.002

1.11 +11

500 0.352�
0.018

1.07 +7 0.044�
0.002

0.95 � 5

TABLE 6 | Figures of merit of mercury calibration curves obtained in complex matrices derived from novel food samples (n=3).

Red algae Brown algae
House cricket

flour

P. dioi-
ca

P. yezoensis
(Nori)

P. Pal-
mata

U. Pinnatifida (Wa-
kame)

A. nodo-
sum A. domesticus

Sensitivity
(mA·L/g)

3.2 2.8 3.0 2.5 2.3 1.5

R2 0.9987 0.9985 0.9969 0.9974 0.9956 0.9873

%RSDmax 15.8 16.5 14.7 18.6 19.2 20.3

Recovery (%) 87–107 76–93 82–100 68–83 63–77 41–50
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