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Sensitive electrochemical sensor using a graphene–polyaniline
nanocomposite for simultaneous detection of Zn(II), Cd(II), and Pb(II)
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� Detection limits for Zn, Pb, and Cd
using ASV were 1, 0.1, and 0.1 mg L�1,
respectively.

� G/PANI-modification led to a 3�
improvement in signal vs. unmodi-
fied electrodes.

� ASV on a plastic substrate exhibited
better sensitivity than on a paper
substrate.

� Zn, Pb, and Cd were measured in
human serum using method of
standard addition.
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A B S T R A C T

This work describes the development of an electrochemical sensor for simultaneous detection of
Zn(II), Cd(II), and Pb(II) using a graphene–polyaniline (G/PANI) nanocomposite electrode prepared by
reverse-phase polymerization in the presence of polyvinylpyrrolidone (PVP). Two substrate materials
(plastic film and filter paper) and two nanocomposite deposition methods (drop-casting and
electrospraying) were investigated. Square-wave anodic stripping voltammetry currents were higher
for plastic vs. paper substrates. Performance of the G/PANI nanocomposites was characterized by
scanning electron microscopy (SEM) and cyclic voltammetry. The G/PANI-modified electrode exhibited
high electrochemical conductivity, producing a three-fold increase in anodic peak current (vs. the
unmodified electrode). The G/PANI-modified electrode also showed evidence of increased surface area
under SEM. Square-wave anodic stripping voltammetry was used to measure Zn(II), Cd(II), and Pb(II) in
the presence of Bi(III). A linear working range of 1–300 mg L�1 was established between anodic current
and metal ion concentration with detection limits (S/N = 3) of 1.0 mg L�1 for Zn(II), and 0.1 mg L�1 for both
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Cd(II) and Pb(II). The G/PANI-modified electrode allowed selective determination of the target metals in
the presence of common metal interferences including Mn(II), Cu(II), Fe(III), Fe(II), Co(III), and Ni(II).
Repeat assays on the same device demonstrated good reproducibility (%RSD < 11) over 10 serial runs.
Finally, this system was utilized for determining Zn(II), Cd(II), and Pb(II) in human serum using the
standard addition method.

ã 2015 Elsevier B.V. All rights reserved.
1. Introduction

Heavy metals have long been recognized as a significant threat
to human and environmental health [1,2]. Human exposure (and
intake) of heavy metals occurs through contaminated air, water,
and food; these exposure pathways are complex and multifaceted.
Quantifying metal concentrations in biological fluids such as blood,
serum, or urine is of interest because abnormal levels can lead to
both acute and chronic health problems [3].

Conventional measurement methods for metals include atomic
absorption spectrophotometry [4], inductively-coupled-plasma
mass spectrometry [5], and/or mass spectrometry [6]. Although
these methods generally provide high selectivity and sensitivity,
they are expensive and very difficult, if not impossible, to be
completed in the field. Complicated operation and sample
processing time also limit the number and throughout of
measurements. Electrochemistry is an alternative detection
method that has been incorporated in low-cost sensors for trace
metal analysis [7–9]. Square-wave anodic stripping voltammetry is
commonly used for metal detection due to its high sensitivity and
low (�nM–pM) detection limits [10,11], a result of a pre-
concentration step that accumulates metal on the electrode
surface. The size and cost of benchtop potentiostats can be
reduced using handheld devices, which can improve the utility of
electrochemical detection in a point-of-need settings [10]. Glass,
ceramic, and polymer substrates have been traditionally employed
for electrochemical cells, however plastic commercial films (i.e.,
transparency film) are gaining traction due to their disposability,
low cost, and chemical compatibility [12]. Another material,
cellulose filter paper, is also being used for electrochemical sensing
applications with greater frequency due to its high surface area and
low cost [13,14] versus other traditional substrates (e.g., glass and
ceramic) [15] as well its propensity for retaining chemical reagents
for microfluidic assays [12].

A variety of electrode surface modifications have been explored
for increasing metal detection sensitivity. One common approach
has been to incorporate graphene in the working electrode due to
its unique thermal, mechanical, electrochemical properties [16];
moreover, graphene is thought to improve charge transfer
processes. Graphene also has a large surface area compared to
other carbon allotropes, and has been explored as a material for
electrochemical nanocomposites [3,17,18]. For electrochemical
applications, graphene-based polyaniline (G/PANI) nanocompo-
sites have attracted more attention than pure graphene because
the composite form is more compatible for electrode fabrication
and functionalization [19,20]. Polyaniline (PANI) also has excellent
electrochemical properties, is easily synthesized, functionalized,
has good environmental stability, and is relatively nontoxic [21].
Consequently, PANI has been used for a variety of electronic,
optical, and electrochemical applications [17,22]. Most G/PANI
nanocomposites are prepared by in situ chemical oxidation
polymerization and can contain covalent or noncovalent residues
[23]. By controlling reaction conditions, G/PANI nanocomposites
with different structures (e.g., nanospheres, nanorods, and nano-
wires) can be obtained [22]. Nanoparticle aggregation during
synthesis has been prevented by adding polyvinvylpyrrolidone
(PVP) by a method called reverse dropping which creates a solution
of well-dispersed particles [24]. Here, the reverse dropping
method with PVP was used, with modifications, to prepare
G/PANI nanocomposites. Electrode modification has been
accomplished in several ways, such as drop-casting [18],
electrodeposition [10], and electrospinning/spraying [19,20]. In
this work, electrospraying was selected as the modification
method because it produces particles with a large specific
surface area that can potentially provide ultra-high sensitivity
and a fast electron transfer for electrochemical detection [19,20].

Two materials (plastic film and filter paper) were investigated
as potential low-cost substrates for measuring Zn(II), Cd(II), and Pb
(II) via anodic stripping voltammetry using G/PANI modified
electrodes. Drop-casting and electrospraying were compared for
electrode modification with the G/PANI nanocomposite. Signal
interference from non-target metals was also investigated and
found to have minimal impact on the resulting measurements.
Finally, a demonstration of electrode selectivity for detection of all
three heavy metals in complex media was performed using a
human serum sample.

2. Experimental

2.1. Materials and methods

Standard solutions of all metals (Zn(II), Cd(II), Pb(II) Mn(II),
and Bi(III)), cobalt(II) chloride, iron(III) chloride hexahydrate,
copper(II) sulfate pentahydrate, and nickel(II) sulfate hexahydrate
were purchased from Sigma–Aldrich (St. Louis, MO). Carbon ink
(E3178, Ercon Incorporated, Wareham, MA) and graphite powder
(diameter <20 mm, Sigma–Aldrich, St. Louis, MO) were used for
electrode fabrication. Graphene nanopowders were purchased
from SkySpring Nanomaterials (Houston, TX), aniline monomer
and PVP from Sigma–Aldrich (St. Louis, MO), trimethylsilylated
Nafion1 was from Aldrich Chem. Co. (Milwaukee, WI) and
N,N-dimethylformamide (DMF) was from Carlo Erba Reagents
(Milano, Italy). Transparency films (model number PP2200, 3M)
and filter paper (Whatman grade 1) were purchased from
Apollo Presentation Products (Booneville, MS) and GE Healthcare
Bio-Sciences (Pittsburgh, PA), respectively. Sodium acetate and
glacial acetic acid were obtained from Fisher Scientific (Pittsburgh,
PA). Milli-Q water from Millipore (R � 18.2 MV cm�1) was used for
all experiments. All chemicals were used as received without
further purification. Lyophilized human serum (CONSERA, Nissui
Pharmaceutical, Tokyo, Japan) was used to measure Zn(II), Cd(II),
and Pb(II).

2.2. Preparation of the G/PANI nanocomposite

To prepare the G/PANI nanocomposite, 1.0 g aniline monomer
was dissolved in 1.0 mL concentrated HCl and diluted to 10.0 mL
total volume with DI H2O (solution I). Graphene (10 mg) was next
added to solution I and sonicated for 2 h to obtain a dispersed
graphene–aniline monomer solution. In a separate beaker, 0.8 mL
concentrated HCl, 1.0 g ammonium persulfate (APS), and 2.0 g PVP
were dissolved in a total of 90.0 mL DI H2O (solution II). Solution II
was then cooled in an ice water bath for 30 min. Solutions I and II
were mixed under vigorous stirring, continuously, for 4 h to obtain
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a powder precipitate. The precipitate was filtered using 0.22 mm
nylon membranes filter from Sigma–Aldrich (St. Louis, MO), rinsed
with DI H2O and EtOH until the filtrate became colorless, and then
dried (on the filter) overnight at 65 �C. To confirm that G/PANI was
completely doped with HCl, the dried powder was re-dispersed in
0.1 M HCl under ultrasonication for 30 min, filtered again, and
dried [24]. Preparation of the G/PANI nanocomposite is shown in
Scheme 1A. The G/PANI nanocomposite modified electrode was
characterized using A JSM-6400 field emission scanning electron
microscope (Japan Electron Optics Laboratory Co., Ltd., Japan) with
an accelerating voltage of 15 kV and Fourier transform infrared
spectroscopy (Nicolet 6700) from Nicolet, USA with a frequency of
400–4000 cm�1 using TGS detector (32 scans at resolution 4 cm�1).

2.3. Fabrication of electrochemical sensors

Electrodes were screen-printed according to previous methods,
with slight modifications (Scheme 1B) [15]. Electrode designs were
created with computer-aided design software (Adobe Illustrator).
Hydrophobic barriers for confining aqueous media in filter paper
were constructed by printing solid wax with a commercial printer
(ColorQube 8870, Xerox, Japan) and melting the wax at 200 �C for
120 s on a hot plate. After hydrophobic barrier creation, electrodes
(working, counter, and pseudo reference) and conductive pads
were patterned on the substrate (film or paper) by screen-printing
using carbon ink mixed with 5% (w/w) graphite powder. The
screen-printed electrode was dried at 65 �C for 30 min to remove
any remaining solvent [20]. On transparency film, a hydrophobic
barrier for confining liquid was created by laser-cutting a ring out
of common packing tape (6 mm inner diameter and 9 mm outer
Scheme 1. Schematic drawing of (A) the preparation of the G/PANI nanocomposite, (B) e
electrospraying processes.
diameter) and placing it in the middle of a screen-printed device to
create a 3 mm diameter circle of exposed working electrode as
shown in Scheme 1B. For the paper substrate, packing tape was
placed on the back of the device after screen-printing (and heating)
to prevent fluid leakage.

2.4. Electrode modification: drop-casting and electrospray methods

Before electrode modification, the G/PANI nanocomposite was
dispersed in a PVP/DMF solution prepared by dissolving 2.0 mg mL�1

PVP in 98% DMF. The dispersed solution was probe-sonicated for 2 h
at room temperature, after which 0.1% (v/v) polystyrene was added.
For electrode modification via drop-casting, 1.0 mL of the dispersed
G/PANI solution was dropped onto the working electrode and
allowed to dry completely at room temperature (�10 min).

A custom-built electrospray system was used for electrode
modification. The apparatus consisted of a syringe pump, high-
voltage power supply, ground collector (5 cm from the needle tip),
plastic syringe and stainless-steel needle. A 3.0 mL plastic syringe
with a 26 G blunt needle was loaded with composite solution and
inserted into a variable speed syringe pump (Kent Scientific Corp.,
Torrington, CT, U.S.A.) with a flow rate of 3.0 mL h�1. Voltage
control was performed using a high-voltage power supply
(Gamma High Voltage Research, OrmondBeach, FL, U.S.A.). In this
study, 14 kV of applied voltage, 5 min of spraying time, and
5 mg mL�1 of G/PANI in DMF were used for all experiments. A
well-mixed G/PANI nanocomposite solution was sprayed onto the
working electrode (WE) attached to a ground collector; the counter
(CE) and reference electrodes (RE) were covered with aluminum
foil to prevent spray from the process. To enhance detection
lectrochemical sensor fabrication on plastic film or paper, and (C) drop-casting and



Fig. 1. Optical profile of a carbon working electrode on (A) filter paper and (B) a
plastic transparency film. (C) SWASV of 200 mg L�1 Zn(II), Cd(II), and Pb(II) in 1.0 M
acetate buffer pH 4.5 measured with a carbon electrode (3 mm diameter) on paper
and plastic substrates.
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sensitivity of Zn(II), Cd(II), and Pb(II), 1.0 mL of Nafion was
drop-cast on the G/PANI nanocomposite-modified electrode to
pre-concentrate metal ions (Scheme 1C).

2.5. Electrochemical measurement

Electrochemical sensor performance was evaluated on both
plastic and paper substrates by cyclic voltammetry (CV)
and square-wave anodic stripping voltammetry (SWASV).
A potentiostat (CHI 660B, CH Instruments, Austin, TX) controlled
all electroanalytical measurements. For cyclic voltammetry,
standard solutions of 2 mM ferri/ferricyanide were used; the
potential was swept from �0.8 V to +0.7 V with a scan rate of
100 mV s�1. SWASV was used for the detection of Zn(II), Cd(II), and
Pb(II) after dropping 50.0 mL of standard metals and 2.5 mL of
10.0 mg L�1 Bi(III) in 0.1 M acetate buffer pH 4.5 onto the three
electrode system. In the pre-concentration step, Zn(II), Cd(II), and
Pb(II) concentrations from 25.0 to 200.0 mg L�1 were accumulated
on the electrode surface by applying a deposition potential of
�1.6 V for 240 s and 0.5 mg L�1 Bi(III) in situ. After 5 s of
equilibration time, square-wave voltammograms with a frequency
of 10 Hz, a step potential of 5 mV, and pulse amplitude of 25 mV
were recorded from �1.8 V to 0 V.

2.6. Preparation of human serum samples

Prior to analysis, 3.0 mL of DI H2O was added to lyophilized
human serum. The serum was diluted ten-fold with 0.1 M sodium
acetate buffer (pH 4.5). Heavy metals Zn(II), Cd(II), and Pb(II) were
added by standard addition prior to experiments.

3. Results and discussion

3.1. Electrode characterization on paper and plastic substrates

The surface roughness of screen-printed carbon electrodes on
paper and plastic surfaces was evaluated by optical profilometry.
This method can resolve nanometer-sized features, which is
helpful for identifying small differences in electrode surface
structure. As shown in Fig. 1, on paper, the carbon electrode
penetrated into the porous capillary network; consequently, the
paper fibers and electrode surface are nearly indistinguishable.
Conversely, the electrode is easily visualized when screen-printed
on plastic because the carbon ink is retained on the substrate
surface. The electrochemical performance of screen-printed
carbon electrodes on paper and plastic surfaces, as evaluated by
CV, is shown in Fig. S1. The peak potential difference of the
electrode on plastic is lower for paper, indicating that electron
transfer kinetics are faster for electrodes screen-printed on plastic.
The SWASV responses of Zn(II), Cd(II), and Pb(II) on electrodes of
identical composition were recorded with both substrates (Fig.1C).
Peak currents for electrodes on plastic are clearly improved over
those on paper. Two possible explanations for the improvements
are improved conductivity and higher surface roughness. On paper,
the electrode material wicked into the substrate along porous
fibers, generating thinner layers and higher electrode resistance.
The degree of wicking would change based on fiber purity, ambient
temperature, and also relative humidity, ultimately affecting the
electrode from batch to batch. The electrode printed on plastic was
also rougher, which could generate a higher current response than
electrodes on paper for the detection of Zn(II), Cd(II), and Pb(II). As
a result, we used a plastic substrate for all subsequent experiments
to improve the electrochemical sensitivity of the system for Zn(II),
Cd(II), and Pb(II) ions. Plastic substrates are marginally more
expensive than paper, but provide better sensitivity, higher
fabrication reproducibility, and are more resistant to mechanical
fracture from bending and twisting than paper. Additionally,
plastic does not degrade over time from contact with aqueous
media.

3.2. G/PANI nanocomposite characterization

The granular morphology of synthesized PANI nanoparticles
was characterized by SEM (Fig. 2A). A stabilizer, PVP, was used to
increase the dispersion of PANI nanoparticles. To improve the
conductivity and electroactivity of PANI nanoparticles, 10 mg of
graphene was added to the aniline monomer solution. As seen in
Fig. 2B, the G/PANI composite particles were slightly more
monodisperse than PANI nanoparticles. The average diameter of
PANI nanoparticles was 391 �8 nm compared to 371 �6 nm for
G/PANI particles. A larger surface area-to-volume ratio of the
nanocomposites increased signal-to-noise for SWASV relative to
unmodified or PANI-modified electrodes. The particles were
further characterized using Fourier transform infrared spectrosco-
py (Fig. 2C). The spectrum of G/PANI exhibited almost the same
vibrational bands as pure PANI, however; the deviations from the
characteristic band for G/PANI at 1240,1303, and 3206 cm�1 can be
attributed to molecular interaction between graphene and PANI



Fig. 2. Electrode surface characterization. (A) SEM micrographs of PANI nano-
particles and (B) G/PANI nanoparticles. (C) FT-IR spectrum of graphene (red line),
PANI (green line), and the G/PANI nanocomposite (blue line). (For interpretation of
the references to color in this figure legend, the reader is referred to the web version
of this article.)
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[25,26]. These results confirmed that PANI formed a composite
particle with graphene.

3.3. Electrochemical characterization of the G/PANI
composite-modified electrode

Graphene incorporation into PANI is crucial for improving the
electrochemical properties of the nanocomposite. Drop-casting
and electrospraying were investigated as methods for electrode
surface functionalization. As shown in Fig. S2, the G/PANI
nanocomposite-modified electrodes generated from both methods
increased electrochemical sensitivity when measuring 200 mg L�1

of Zn(II), Cd(II), and Pb(II). Electrospraying displayed the best
sensitivity, likely due to more uniform particle distribution
as compared to drop-casting; moreover, electrospraying
produced particles with greater surface-to-volume ratios [27,28].
Fig. 3. SEM of an (A) unmodified and (B) G/PANI nanocomposite-modified
electrode by electrospray.
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The morphology of electrosprayed and unmodified electrodes was
also characterized by SEM (Fig. 3). The droplet-like structure of
the G/PANI nanocomposite is relatively homogeneous over the
electrode and has high surface coverage. The effect of graphene
loading during synthesis was also investigated and optimized by
cyclic voltammetry using [Fe(CN)6]3�/4� (Fig. S3). Anodic peak
current increased when loaded with additional graphene from
0.0 to 10.0 mg, indicating that incorporating graphene into PANI
significantly improved electrical conductivity. However, the anodic
peak current subsequently decreased when graphene loading was
higher than 10.0 mg. We suspect this decrease in oxidative current
was from agglomeration of graphene at higher concentrations.

The performance of modified and unmodified electrodes (Fig. 4A)
was investigated by cyclic voltammetry of [Fe(CN)6]3�/4� at scan
rates between 25 and 300 mV s�1. The largest anodic and cathodic
currents were observed with the G/PANI nanocomposite-modified
electrode, indicating that the cooperation of graphene and PANI
improves the conduction pathway on the electrode surface.
Moreover, the peak potential difference (DEp) of the G/PANI
(DEp = 0.347 V) and PANI modified electrodes (DEp = 0.377 V)
decreased compared to DEp of the unmodified electrode
(DEp = 0.517 V), further indicating that the presence of graphene
and PANI improves electron transfer kinetics. The linearity of the
anodic and cathodic peak currents versus the square root of scan rate
verifies the redox process is controlled by diffusion (Fig. S4).
Fig. 4. (A) Cyclic voltammogram of 2.0 mM ferri/ferrocyanide in 0.1 M KCl and (B)
square-wave voltammogram of 200 mg L�1 of Zn(II), Cd(II), and Pb(II) in 1.0 M
acetate buffer pH 4.5 measured on an unmodified electrode, or electrodes
functionalized with PANI or G/PANI nanocomposite solutions.
Next, SWASV was performed for Zn(II), Cd(II), and Pb(II) with
electrodes that were unmodified or were functionalized with
either G/PANI nanocomposites or PANI nanoparticles (Fig. 4B).
The peak currents obtained for the three experiments
demonstrated that the presence of the PANI nanoparticles
increased electron transfer and that adding graphene further
enhanced the signal (peak currents of Zn, Cd, and Pb increased
54%, 23%, and 42%, respectively).

3.4. Electrochemical detection of Zn(II), Cd(II), and Pb(II)

To detect very low levels of Zn(II), Cd(II), and Pb(II), SWASV is used
because of its high sensitivity and linearity [3,29]. To increase
electrode sensitivity, Bi was used to form a metal-Bi alloy on the
electrode surface to facilitate the process of nucleation during metal
ion deposition [9,30,31]. Moreover, the presence of a Nafion film on
the electrode can further improve electrode sensitivity because
negatively charged sulfonate groups in the Nafion film further
preconcentrates metal cations [30,32,33]. Anodic peak potentials for
Zn(II), Cd(II), and Pb(II) were measured at �1.31 �0.03, �0.98 � 0.04,
and �0.75 � 0.04 V, respectively. Anodic peak currents of the three
metals using electrodes modified with G/PANI and Nafion are
showed in Fig. S5 (Supporting information). The resulting calibration
Fig. 5. (A) Square-wave voltammogram of Zn(II), Cd(II), and Pb(II) from
50–300 ppb. Results with metals of lower concentration (0.1–25 ppb) are shown
in the inset. (B) Representative calibration graph for Zn(II), Cd(II), and Pb(II).
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plots, (Fig. 5), are linear over a range from 1.0 to 300 mg L�1

with correlation coefficients exceeding 0.98 for all metals.
The experimentally determined limits of detection (LOD) for the
system evaluated were 1.0 mg L�1 for Zn(II) and 0.1 mg L�1 for Cd(II)
and Pb(II) base on signal-to-noise ratios for peak height of three
(S/N = 3). The analytical performance of all three metals is
summarized in Table 1. G/PANI nanocomposite-modified electrodes
coated with Nafion film provide sensitive, selective, and
simultaneous analysis of all three metals.

Electrochemical performance of the G/PANI nanocomposite-
modified electrode was compared with similar systems in the
literature for measuring Zn(II), Cd(II), and Pb(II) (Table 1). Although
the LOD presented in this work is comparable to other reports, the
linear range obtained with our modification process is 1–2
orders of magnitude larger than most. Although the bimetallic
Hg–Bi/SWNTs composite modified glassy carbon electrode [9]
provides a lower LOD, Hg is toxic and its use has been discouraged.
These comparisons suggest that our functionalization procedure
could be promising when applied in more complex sample
matrices such as human serum.

3.5. Interference study for Zn(II), Cd(II), and Pb(II) detection

The presence of non-target metals in solution can interfere with
SWASV determination of heavy metals, so the tolerance ratio for
common interfering metals (Mn(II), Cu(II), Fe(III), Fe(II), Co(III), and
Ni(II)) was investigated [9,12]. The concentration of each species
tested is provided in Table S1. A metal concentration altering an
analyte peak current by >5% was considered inhibitory [12]. By
limiting the scanning potential in the system from �1.6 to �0.5 V,
we do not observe appreciable interference from metals at the
concentrations listed in Table S1. Without additional electrode
modification, the G/PANI nanocomposite-modified electrode was
not affected by other metal species, demonstrating the selectivity
of this electrode for Zn(II), Cd(II), and Pb(II).
Table 1
Electrode performance for measuring Zn(II), Cd(II), and Pb(II).

Modified electrode Detection lim

Zn Cd 

Bimetallic Hg–Bi/SWNTs composite/GCE 0.23 0.076
SnO2/reduced graphene oxide nanocomposite – 0.000
CNTs – 5–150
CNT arrays (CNT thread) 1.4 1.8 

Bismuth/poly(p-aminobenzene sulfonic acid) 0.62 0.63 

Nitrogen-doped microporous carbon/Nafion/bismuth-film electrode – 1.5 

Bi/Au–GN–Cys/GCE – 0.1 

Bi/Nafion/PANI-MES/GCE – 0.04 

Clioquinol/HMDE 0.06 0.06 

Screen-printed carbon nanotubes electrodes 11 0.8 

Nafion/G/PANI nanocomposite 1.0 0.1 

Table 2
Determination of Zn(II), Cd(II), and Pb(II) in human serum samples (n = 3).

Added concentration (mg L�1) Measured concentration
(mg L�1)

Zn(II) Cd(II) 

10.0 9.41 � 0.5 10.7 � 0.5 

20.0 19.5 � 1.7 20.2 � 1.7 

50.0 51.1 � 2.2 54.9 � 4.8 
3.6. Modified electrode reproducibility and stability

The reproducibility and stability of the Nafion-coated G/PANI
nanocomposite-modified electrodes was next investigated by
measuring the SWASV response of a 200 mg L�1 solution
composed of Zn(II), Cd(II), and Pb(II) in acetate buffer (pH 4.5).
The RSD for anodic peak currents from 10 successive measure-
ments using a single device was measured and found to be 9.2,
7.8, and 4.8% for Zn(II), Cd(II), and Pb(II), respectively. A similar
experiment was performed with three devices and the RSD was
14.5, 12.9, and 7.25% for Zn(II), Cd(II), and Pb(II), respectively. To
investigate electrode performance after periods of extended
storage, devices were fabricated and kept in the dark at standard
temperature and humidity for three weeks. After storage, the
anodic current response retained 82 � 2% of the initial response,
with the decrease in performance likely from hydrolysis of the
auxiliary electrode [10]. However, our sensor is ultimately
intended to be low cost and disposable; therefore the loss of
sensitivity after storage is not a performance limitation given our
ability to detect very low levels of the target analytes even after
signal loss.

3.7. Sample analysis

To demonstrate method applicability, Nafion-coated G/PANI
nanocomposite electrodes were used for detecting Zn(II), Cd(II),
and Pb(II) in human serum. In a healthy adult, blood levels of
Zn, Cd, and Pb are typically at or below 900 mg L�1 (18 mM),
29.7 mg L�1, and 200 mg L�1 (1 mM), respectively [34]. For our
analysis, human serum was diluted (1:10) with acetate buffer
(pH 4.5) and spiked with three different concentrations of Zn
(II), Cd(II), and Pb(II). Each sample was analyzed in triplicate
and the results summarized in Table 2. Recoveries ranged from
93.8 to 109.7% and the RSD (n = 3) was below 9.0%, indicating
that the system is accurate and reproducible.
it (mg L�1) Linear range (mg L�1) Ref.

Pb Zn Cd Pb

 0.18 0.5–11 0.5–11 0.5–11 [9]
1015 0.0001839 – 0.0003–0.0012 0.0003–0.0012 [18]

 5–150 – 1 1 [12]
1.5 3–9 1.5–4.5 1–4 [35]
0.8 1–110 1–110 1–130 [36]
0.05 – 2–10, 10–100 0.5–10, 10–100 [37]
0.05 – 0.50–40 0.50–40 [38]
0.05 – 0.10–20 0.10–30 [39]
0.1 0–25 0–15 0–15 [40]
0.2 12–100 2–100 2–100 [7]
0.1 1–300 1–300 1–300 This work

% recovery % RSD

Pb(II)

10.6 � 0.4 94.1 �106.5 4.0 � 4.8
18.8 � 1.1 93.8 � 101.1 3.4 � 8.5
52.7 � 3.0 102.3 � 109. 4.3 � 8.8
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4. Conclusions

Transparency film and paper-based electrodes modified with
G/PANI were compared for the determination of Zn(II), Cd(II), and
Pb(II). The high conductivity and large surface area of the droplet-
like structures of the G/PANI nanocomposites deposited by
electrospray on polymer electrodes significantly improved elec-
trochemical sensitivity. Additionally, using Nafion on the G/PANI
nanocomposite-modified electrode increased sensitivity for
measuring Zn(II), Cd(II), and Pb(II). Under optimal conditions,
detection limits at or below 1 ppb and wide linear ranges (>2 orders
of magnitude) were obtained for Zn(II), Cd(II), and Pb(II).
Nafion-coated electrodes modified with the G/PANI nanocompo-
site solution were then used to measure the metals in human
serum and showed good collection efficiency. These results
demonstrate the electrode as a low-cost alternative solution for
determination of heavy metals.
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