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Development of polyaniline microarray electrodes

for cadmium analysis*

Marta Oliveira, Subramanian Viswanathan, Simone Morais, Cristina Delerue-Matos

ABSTRACT

Disposable screen-printed electrodes (SPCE) were modified using a cosmetic product to partially
block the electrode surface in order to obtain a microelectrode array. The microarrays formed were
electropolymerized with aniline. Scanning electron microscopy was used to evaluate the modified
and polymerized electrode surface. Electrochemical characteristics of the constructed sensor for
cadmium analysis were evaluated by cyclic and square-wave voltammetry. Optimized stripping
procedure in which the preconcentration of cadmium was achieved by depositingat—1.20V (vs.
Ag/AgCl)resulted in awelldefined anodic peak at approximately 0.7 Vat pH 4.6. The achieved
limit of detection was 4 x 107 moldm 3. Spray modified and polymerized microarray electrodes
were successfully applied to quantify cadmium in fish sample digests.
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Introduction

Electrochemical methods are increasingly used
in different applications such as disease diagnostics,
toxic substance detection, agriculture, food process-
ing, and environmental analysis (Hangarter et al,
2010; Kadara et al., 2009a; Orozco et al., 2010). Mi-
croelectrodes are a versatile tool showing unique prop-
erties due to their small size (Belmont et al., 1996;
Choudhry et al., 2010b; Cugnet et al.,, 2009; Kadara et
al., 2009b; Orozco et al.,, 2010; Stulik et al,, 2000). Mi-
croarrays are single microelectrodes wired in parallel,
with each electrode diffusionally independent, yield-
ing a signal by many orders of magnitude larger com-
pared to individual microelectrodes (Krishnamoorthy
et al, 2009; Orozco et al, 2010). These microelec-
trodes are in a fixed distance from their nearest neigh-
bor; alternatively, random arrays of microelectrodes
termed as ensembles due to no regular spacing be-
tween the neighboring microelectrodes can be applied
(Choudhry et al., 2010a, 2010b; Gornall et al., 2009).
Electrochemical signal observed using the arrays cor-

responds to the total signal of all electrodes compris-
ing the array. Thus, a large analytical signal coupled
with low background currents results in an increase of
the analytical sensitivity allowing lower detection lim-
its. Microelectrode arrays provide advantages such as
high current densities, high temporal and spatial reso-
lution, and reduced capacitive-charging currents; they
also find use in environmental sensing particularly as
analytical screening tools for heavy metals detection
(Choudhry et al., 2010a; Honeychurch & Hart, 2003;
Kadara et al., 2009b; Orozco et al.,, 2010; Dominguez-
Renedo et al., 2007; Stulik et al., 2000). Since microar-
rays represent a large number of active discs, when
the target analyte is in an analytically challenging
medium such as an effluent containing surface pas-
sivating media, even though some microdiscs on the
array become electrochemically inactive, the sensitiv-
ity is not severely affected due to the still high overall
number of active discs. These microelectrode arrays
can be produced using different methods (Stulik et al,,
2000) such as photolithography (Feeney & Kounaves,
2000; Orozco et al.,, 2010), sonochemical ablation of
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thin polymer films (Barton et al., 2004; Cugnet et al.,
2009; Myler et al., 2004, 2005; Pritchard et al., 2004),
or microdiscs in epoxy resin (Fletcher & Horne, 1999).
One possibility of forming a highly active elec- trode
area on a miniaturized sensor is electropolymer-
ization. Polymer films, and particularly those based
on substituted aromatic compounds, such as aniline,
present interesting characteristics, namely high con-
ductivity, stability, durability, and reproducibility as-
sociated with low costs (Bhadra et al., 2009; Casella
& Guascito, 1997; Gornall et al., 2009; Grennan et al.,
2006; Huang et al.,, 2002, 2003; Sedénkova et al., 2008;
Shan et al.,, 2008; Trashin et al., 2009; Waltman & Bar-
gon, 1986; Yin et al,, 2006). Their main drawback is
related to their preparation which involves handling
of the respective monomers which are potentially haz-
ardous materials.

Screen-printed electrodes are inexpensive and dis-
posable electrodes with the potential to be applied
in real life situations (Choudhry et al, 2009; Gor-
nall et al,, 2009; Honeychurch & Hart, 2003; Kadara
et al,, 20093, 2009b; Dominguez-Renedo et al., 2007).
Nowadays, they are used as glucose or metal sensors
(Choudhry et al., 2009; Florescu & Brett, 2005; Kam-
pouris et al.,, 2009; Piano et al.,, 2010). They also find
application as biological sensors, pH sensors, and in
food allergen detection (Arduini et al., 2010; Kadara
et al, 2009a; Kampouris et al,, 2009). Furthermore,
screen-printed electrodes related instruments can be
portable allowing in situ determination of heavy met-
als (Honeychurch & Hart, 2003).

Cadmium is a non-essential element that accumu-
lates in the human body negatively affecting several
organs: liver, kidneys, lungs, bones, placenta, brain,
and the central nervous system (Castro-Gonzalez &
Méndez-Armenta, 2008). In general, for non-smokers
and non-occupationally exposed individuals, food
products account for most of the human exposure
to cadmium (ExtoxNet, 2003). European Commu-
nity Regulation (European Commission, 2006) settles
the maximum level for cadmium in muscle of some
fish species as 0.1 mg kg™! (wet mass). Cugnet et
al. (2009) and Khairy et al. (2010) developed vari-
ous modifications of screen-printed electrodes for the
quantification of Cd** while Choudhry et al. (2010a)
presented a facile production of graphite microelec-
trodes ensembles based on a cosmetic spray modifica-
tion. In this study, the development of a new screen-
printed carbon microelectrode mechanically modified
with a cosmetic product and electropolymerized with
aniline is reported. The developed sensor was tested
in fish sample analysis for trace Cd>*  determination.

Experimental
Reagents and solutions

Ultrapure water (resistivity of 18.2 MQ cm™!)

was produced by a Milli-Q Simplicity 185 system
(Millipore, Molsheim, France). Suprapure nitric acid
(65 %, Merck, Darmstadt, Germany) and perchloric
acid (70 %, Sigma-Aldrich, Steinheim, Germany) were
used for the digestion of samples. All other reagents
used were of analytical reagent grade (Merck, Darm-
stadt, Germany).

Supporting electrolyte for the electrochemical
studies was the acetate buffer solution, 0.200 mol dm=3,
prepared by mixing 0.200 mol dm™3 acetic acid (Carlo
Erba, Val de Reuil, France) and 0.200 mol dm™3
sodium acetate (Merck, Darmstadt, Germany). The
buffer solution was contaminated with 5.84 X 107°
mol dm™ mercury nitrate monohydrate (Fluka,
Steinheim, Germany) and the pH of the solution was
adjusted to 4.6. A solution containing 0.100 mol dm™3
Fe?* (Fluka, Steinheim, Germany)/Fe3* (Riedel-de
Ha’en, Seelze, Germany) and 0.100 mol dm™3 potas-
sium chloride (Riedel-de Ha'en, Seelze, Germany) was
selected to study the electrochemical behavior of the
prepared electrodes by cyclic voltammetry. Aniline
(Sigma-Aldrich, Steinheim, Germany) and sulfuric
acid (96 %, Panreac, Barcelona, Spain) were used
for the electrode polymerization. Because aniline is
a potentially hazardous material, personal protective
(skin, eye, and respiratory) equipment should be used
and handling should be obligatory done ina venti-
lated hood in order to avoid contact with liquid ani-
line or aniline vapors (BASF, 2008). Standard so-
lution of cadmium was prepared daily by dilution
of the stock solution (8.89 X 1073 mol dm™3, Pan-
reac, Barcelona, Spain). The cosmetic product Men
Antiperspirant spray was obtained in a local market
(Porto, Portugal). All glassware and polyethylene ma-
terials were soaked in nitric acid (10 vol. %) for at
least 24 h, thoroughly rinsed with ultrapure water,
and dried before use.

Equipment

A standard three electrodes cell and an AU-
TOLAB potentiostat/galvanostat, model PGSTAT12
(Methrom, Schiedam, The Netherlands), controlled
by the GPES version 4.9 software were used for
the electrochemical studies. Experiments were per-
formed using working screen-printed carbon electrodes
(SPCE; Dropsens, Spain; 4 mm of diameter) with an
Ag/AgC1/3.00 mol dm™ potassium chloride reference
electrode (to which all the potential values are re-
ferred) and a platinum wire counter electrode. The
working solutions were purged with nitrogen (99.99 %,
LINDE, Porto, Portugal).

Morphological characterization of the SPCE was
carried out by scanning electron microscopy (SEM;
microscope model FEI Quanta FEG, Eindhoven, The
Netherlands) coupled with an X-ray microanalysissys-
tem on an energy dispersive spectrometer (EDX; EDX
EDAX Pegasus X4M, Tilburg, The Netherlands). Ac-



celeration voltage of 10 kV was employed.

Microwave-assisted digestions were performed us-
ing a MARS-X, 1500 W Microwave Accelerated Reac-
tion System for Digestion (CEM, Mathews, NC, USA)
configured with a 14 position carousel. During the op-
eration, both temperature and pressure were moni-
tored (Vieira etal., 2011).

Electrode modification

Electrochemical pretreatment of SPCE was per-
formed by the application of 1.5 V (vs. Ag/AgCl) for
60 s in 0.500 mol dm™ sulfuric acid. The electrode
surface was then sprayed with a commercial deodor-
ant Men Antiperspirant product from the distance of
200 mm for a selected modification time. The SPCE
was dried for 10 min at 40°C.

Electropolymerization on the micro gaps of the cos-
metic spray modified SPCE was achieved with a 0.100
mol dm™ aniline solution in 0.500 mol dm™ sulfu-
ric acid (Trashin et al,, 2009; Yin et al., 2006). Cyclic
voltammetric scanning was performed in the range of
-0.2 V to +0.8 V (vs. Ag/AgCl) at the scan rate of
100 mV s! in 50 cycles. Then, the polymerized SPCE
was washed with ultrapure water and placed in acetate
buffer for three to four days to neutralize and stabilize
the polymer on the electrode surface.

Fish sample analysis

Fresh horse mackerel (Trachurus trachurus) sam-
ples from Northeast Atlantic Ocean were purchased
from several markets in the Oporto metropolitan area
(NW Portugal). Sample collection and preparation
was performed in accordance with EPA Guide No. 823-
B-00-07 (2000) and EC Regulation No. 333/2007
(European Commission, 2007). The specimens were
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manually headed, eviscerated, skinned, and filleted.
Each sample further quantified was constituted of fil-
lets of at least four individuals and had the minimum
mass of 200 g (Ramalhosa et al., 2012; Vieira et al,
2011). Samples (1.5 £ 0.1 g) were placed into pre-
viously weighed Teflon vessels, and then dried in a
microwave until three reproducible mass values were
obtained. An aliquot of 10 mL of suprapure HNO3 was
then added to each vessel containing ca. 0.5 g of sam-
ple dry mass and the microwave digestion proceeded
for 35 min at 175 °C. After digestion and cooling to
ca. 30 °C, samples were evaporated to dryness (Cere-
jeira Matos et al., 2009a, 2009b, 2010; Vieira et al,,
2011). The residue was treated with an aliquot of 5 mL
of perchloric acid at the boiling point for 2 h. After
complete evaporation of perchloric acid, the residue
was redissolved in the supporting electrolyte for cad-
mium determination. Quantifications were achieved
by the standard addition method. All measurements
were performed at least in triplicate.

Results and discussion
Spray modified SPCE

First, SPCE were electrochemically activated with
sulfuric acid at 1.5 V for 60 s in order to enhance their
electrochemical response. According to previous stud-
ies (Kadara et al, 2009a; Gornall et al., 2009), this
pretreatment decreases the static barrier, increases
the surface functionality and roughness, and cleans
the electrode surface. Then, the electrode surface was
partly masked with an antiperspirant product and
the new produced microelectrode array was charac-
terized. Changes in the voltammetric profiles were ob-
served using Fe(CN)ﬁs_M_ as an electroactive indica-
tor (Fig. 1). Cyclic voltammograms at 0.005 V s7!
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Fig. 1. Cyclic voltammograms at 0.100 V s™! (A) and 0.005 V s™' (B) in 0.100 mol dm™3 Fe?*/Fe3* with 0.1 mol dm™3 KCl,
obtained on bare SPCE (solid line) and SPCE modified with a cosmetic product for 8 s (dashed line).
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Fig. 2. Peak intensity against spray modification time applied
to the electrode surface.

(Fig. 1B) revealed the microelectrode behavior as pre-
sented in other studies (Choudhry et al., 2010a; Huang
etal,, 2009; Kadara et al., 2009b). Increasing the spray
time had a significant reduction effect on the peak in-
tensity and the peak-to-peak separation revealing that
the cosmetic spray reduced the amount of accessible
graphite (Figs. 1 and 2). The time of 8 s was selected
as the optimum modification time in order to turn
the electrode into a partially blocked electrode with
numerous graphite microdomains.

Spray modified and aniline polymerized SPCE

PANI is a polymer obtained from aniline (an oxi-
dant and a strong mineral acid dopant) that has been
successfully used in the construction of sensors (Huang
et al,, 2002; Sazou & Georgolios, 1997; Trashin et al,
2009; Yin et al., 2006); its applications are limited to
acidic media (Grennan et al, 2006; Karyakin et al,,
1996). According to previous reports, a more efficient
way of attaining reproducible film properties is us-
ing electrochemical oxidation. During polymerization
(Fig. 3), this polymer presents two peaks. The sen-
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Fig. 3. Electropolymerization on micro gaps of cosmetic spray
modified SPCE in the 0.100 mol dm™ aniline and 0.5
mol dm™ H2S04 solution; Vi = -0.2 V; V¢ = 0.8 V
(vs. Ag/AgCl; 3 mol dm™3 KCl); scan rate = 0.1V s71;
50 cycles.

sitivity reached by a PANI based sensor is directly
related to the background current of the conduct-
ing polymer which depends on the film structure and
thickness. Electrochemical polymerization permits the
control of the amount deposited, i.e. the thickness of
the film, by the number of cycles, and the desired
amount of charge (Grennan et al, 2006; Trashin et
al, 2009; Waltman & Borgon, 1986).

In the present work, modified SPCEs were elec-
tropolymerized with aniline in 50 cycles and for each
polymerized electrode, the peak intensities were mon-
itored. Thermal stability of nanoscale thickness PANI
films is affected by high temperatures (Brozova et al.,
2008; Sedénkova et al,, 2008). As so, the prepara-
tion and subsequent stabilization of the polymerized
SPCEs was performed at ambient temperature (ca.
23°0).

Some previous studies (Kadara et al, 20093,
2009b) regarding SPCEs showed that the geometric
area is higher than the real electrochemical area be-
cause of the polymer attached to the graphite parti-
cles. SEM images of bare (un-treated), cosmetic spray
modified, and aniline polymerized SPCE surfaces were

Fig. 4. Scanning electron micrographs (X1000) of bare SPCE (A) and modified and aniline polymerized SPCE (B).



Table 1. Characterization of electro-active areas of the bare,
spray modified, and modified and aniline polymerized

SPCE
SPCE Ageom/crn2 Aelect/cm2 AI'eal/Crn2
Unactivated bare - 0.068 0.543
Activated bare 0.126 0.122 0.970
Spray modified - 0.061 0.484
Spray modified - 0.125 0.998

and polymerized

analyzed in order to complete the data obtained from
voltammetric studies. Results are presented in Fig. 4.
The surface of bare SPCE (Fig. 4A) is composed of
flakes of graphite with various diameters, all in the mi-
crometer range, which is in accordance with previously
published results (Choudhry et al., 2010a; Gornall et
al., 2009; Kadara et al., 2009a). From the comparison
of bare and spray modified SPCE (data not shown), it
can be concluded that the polymer present in the cos-
metic spray filled in the gaps and reduced the amount
of accessible graphite, which accounts for the reduc-
tion in the voltammetric peak current when the spray
modification time was increased (Fig. 2). The pres-
ence of small clusters of polymer was also observed.
SEM image of the modified and polymerized SPCE
(Fig. 4B) revealed its different structure from the
spray modified electrode, with the bright “cauliflower-
like” appearance in accordance to the study presented
by Huang et al. (1986) and Grennan et al. (2006).

The obtained electrochemical profiles of bare, mod-
ified and polymerized SPCE in 0.100 mol dm™
Fe?*/Fe3* are presented in Fig. 5. Active electrode ar-
eas (Aelect) of bare SPCE and the spray modified and
polymerized one were estimated applying the theoret-
ical Randles-Sevc¢ik equation for the quasi-reversible
electron transfer process (Table 1) (Greef et al,, 1993).
The real area (Areal) indicates the effective electro-
chemically activated area and it can be determined
by the following relation: Areal = Aeclect/Ageom, Where
Ageom is the geometric area of the electrode esti-
mated based on the working electrode radius (Table 1)
(Cugnet et al., 2009; Kadara et al., 2009a). The work-
ing electrode area almost doubled its size from the un-
activated bare to the activated bare electrode which
is in accordance with previous studies (Gornall et al.,
2009; Kadara et al.,, 2009a). It can be observed that
the cosmetic spray modified SPCE had a smaller sur-
face than the bare SPCE, as it can be seen in Fig. 5b.
When polymerized, SPCE has a slightly higher work-
ing area than the bare electrode (Fig. 5c).

Cadmium analysis

To date, one of the main interests of SPCEs
concerns their use in stripping analysis using mer-
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Fig. 5. Cyclic voltammograms of bare (dotted line), cosmetic
spray modified (dashed line), and modified and ani-
line polymerized SPCE (solid line) in 0.100 mol dm™
Fe2* /Fe3* at the scan rate of 0.01 Vs™1; v; = -0.3
V; Vi = 0.6 V (vs. Ag/AgCl; 3 mol dm™3 KC).

cury to obtain an amalgam with the electrodeposited
metal (Honeychurch & Hart, 2003). In this study,
the prepared spray modified and aniline polymerized
SPCE was tested for cadmium analysis by square-
wave voltammetry. The main analytical parameters,
namely mercury film quality and anodic stripping
voltammetry conditions, were optimized in order to
reach maximum sensitivity. Since SPCE microarrays
have a small area, highly diluted mercury solution was
used (5.84 X 107° mol dm™) in order to suppress
the undesirable background signal. The best sensi-
tivity was achieved using the conditioning potential
of 0.6 V, conditioning and deposition time of 120 s
at -1.2 V (vs. Ag/AgCl), square-wave frequency of
25 Hz, step potential of 0.005 V, and the amplitude of
0.020 V. Cadmium peak heights, determined using the
spray modified and PANI polymerized SPCE, showed
a linear response over the range from 3.30 X 1078
mol dm™ to 7.12 X 10~ mol dm™ (Fig. 6), which is
lower than the range reported by Khairy et al. (2010)
(8.90 X 107" mol dm™ to 7.12 X 107® mol dm™)
for a bismuth film modified screen printed electrode
(SPE). The limit of detection (LOD) and the limit
of quantification (LOQ) were calculated as the con-
centration corresponding to three and ten times, re-
spectively, the standard deviation of the blank di-
vided by the slope of the calibration curve (Miller
& Miller, 2000). The limits achieved in this work
(4 x 10°moldm™=and 1 X 10® mol dm™ for
LOD and LOQ, respectively) are lower than the val-
ues presented by Cugnet et al. (2009) and Khairy et
al. (2010). The lower detection and quantification lim-
its obtained with this type of electrodes are promoted
by the combination of microarrays and SPE properties
(Kadara et al.,, 2009b). Also, the developed method-
ology is appropriate for quality control according to
water and food analysis legislation of the European
Union (European Commission, 2006).
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Fig. 6. Calibration plot (/p/nA = 1.99 x 10°[Cd2*]/(mol
dm™3) - 54.4, R? = 0.996) of cadmium (3.30 x 1078
mol dm™3 to 7.12 X 1078 mol dm™3 ) in acetate buffer
(0.2 mol dm™3, pH 4.6) for a spray modified and ani-
line polymerized SPCE. Experimental conditions: con-
ditioning potential of 0.6 V (vs. Ag/AgCl); deposition
potential of -1.20 V; conditioning and deposition time
of 120 s, frequency of 25 Hz.

Field applicability of the prepared SPCE was also
estimated by analyzing the content of cadmium in
the digested horse mackerel fillet samples. Accord-
ing to FAO (2003), horse mackerel is an underuti-
lized medium fat content pelagic fish, abundant in
Atlantic Ocean. It is an inexpensive fish highly ap-
preciated by most West-European populations, espe-
cially in Holland, Ireland, Spain, France, Germany,
and Portugal (Losada et al, 2005). The mean cad-
mium concentration of (0.0389 + 0.0013) mg per kg
of wet mass was obtained which is in accordance with
the value determined by the high-resolution contin-
uum source graphite furnace atomic absorption spec-
trometry (Vieira et al.,, 2011). A recovery experiment
was also performed, in triplicate, on the digested fish
sample and the value of (104.8 £ 6.1) % was ob-
tained. Although other heavy metals, such as lead
((0.0031 £ 0.0003) mg per kg of wet mass) mercury
((0.2198 = 0.0086) mg per kg of wet mass), and met-
alloid arsenic ((0.9539 £ 0.0242) mg per kg of wet
mass) were detected in the fish sample by graphite fur-
nace atomic absorption spectrometry at different con-
centration levels, no significant interferences were ob-
served. The mean cadmium concentration determined
in horse mackerel fillets is far below the maximum
level (0.10 mg per kg of wet mass) established by the
European Community regulation (European Commis-
sion, 2006) indicating that there is no health risk for
the consumers.

Conclusions

This study presents the development and charac-
terization of polyaniline microarray electrodes for cad-

mium quantification. Surface modifications were per-
formed on carbon screen-printed electrodes applying a
cosmetic product and the electropolymerization with
aniline. Linearity was observed over the range from
3.30 X 1078 mol dm™ to 7.12 X 1078 mol dm™3. The
obtained limit of detection was 4 X 107 mol dm™3.
Applicability of the developed sensor was verified by
the determination of cadmium in fish digests. Accept-
able accuracy and recovery ((104.8 £ 6.1) %) were
reached.
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