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Abstract In the presented study, the content of lead in rainbow
trout (Oncorhynchus mykiss) samples was examined. Rainbow
trout were purchased in Prague (Czech Republic), Lodz
(Poland) and Bratislava (Slovakia) from local fish shops and
supermarkets belonging to popular chain stores. First, method
for quantitative lead determination was developed with very
good results (R2 at 0.9997 in the range of 1.0×10−7–7.0×
10−5 mol L−1 with limit of detection (LOD) and limit of quan-
tification (LOQ) 2.18×10−8 and 7.24×10−8 mol L−1, respective-
ly). Then, after mineralization, fish samples were analyzed using
square wave anodic stripping voltammetry (SWASV) with a
graphene oxide–carbon paste electrode (GO–CPE). Lead sig-
nals recorded on GO–CPE electrode were 15 % higher than
those obtained on bare CPE. The coefficient of variation (CV)
was found to be below 5 %. The selectivity of the proposed
method was evaluated by the addition of selected heavy metals
(zinc, copper, mercury, cobalt, nickel, iron) as possible
interferents. Results were confirmed with reference method.

Keywords Grapheneoxide–carbonpaste electrode .Rainbow
trout . Lead determination . Square wave anodic stripping
voltammetry

Introduction

Nowadays, countries all over the world face the problem of
environmental pollution (Gallo and Almirall 2009; Ozden
2010). Many ecological and environmental changes emerge
as a result of human agricultural and industrial activity (Pohl
et al. 2009; Szyczewski et al. 2009). Significant emphasis is

placed on a wide range of chemical pollutants including heavy
metals (Orecchio and Amorello 2010; Akinci et al. 2013; Struis
et al. 2013). Aquatic pollution caused by heavy metals is
particularly important due to their toxicity and accumulation
capacity in organisms (Mendil et al. 2009; Shah et al. 2009).
High levels of copper, lead and iron have been found to cause
physiological changes in fish (Tarrio et al. 1991). On the other
hand, fish are an important part of a balanced human diet as
they contain a lot of proteins, vitamins, minerals and polyun-
saturated fatty acids (Shrestha et al. 2013; Gogus and Smith
2010). Thus, the Nutrition Committee of the American Heart
Association recommends eating fish at least twice a week to
prevent cardiovascular diseases (Kris-Etherton et al. 2002).
Rainbow trout (Oncorhynchus mykiss, in the family
Salmonidae) are widely used as a farmed fish inmany countries
around the world due to its high nutritional value and rapid
growth (Gall and Crandell 1992; Mashaie 2001). Nevertheless,
fish can be a source of contaminants, such as highly toxic heavy
metals. Hence, the determination of metals in fish is indeed
indispensable and has drawn much attention in recent years
(Sneddon et al. 2007; Sneddon and Vincent 2008; Zmozinski
et al. 2013; Rofouei et al. 2012). Analysis of heavy metals in
the various tissues of fish has been widely pursued using
different methods, including electrochemistry (Bagheri et al.
2013), atomic absorption spectrophotometry (Al-Kahtani 2009;
Fernandes et al. 2008), inductively coupled plasma mass spec-
trometry (Kalantzi et al. 2013; Schenone et al. 2014) and
differential thermal analysis (Najafi et al. 2013). Among these
methods, voltammetry is one of the preferred techniques due to
its high sensitivity, simplicity and environmental friendliness.
What is more, the properties of working electrodes used in
voltammetry may be easily improved by simple modifications
of electrode material or surface to achieve better stability,
reproducibility and selectivity. In recent years, there has been
a growing interest in the use of graphene and graphene oxide in
various types of studies (Wang et al. 2013, 2014; Wu et al.
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2013) due to their promising properties (Chen et al. 2012) such
as electron transport capability (Novoselov et al. 2005; Zhang
et al. 2005), thermal and electrical conductivity (Balandin et al.
2008; Bolotin et al. 2008), mechanical stiffness (Lee et al.
2008) and unprecedented pliability and impermeability
(Bunch et al. 2008; Lee et al. 2008). Graphene has been found
to have a variety of applications, e.g. in sensors (Robinson et al.
2008), polymer composites (Domingues et al. 2011), transpar-
ent electrodes (Zhao et al. 2010; Blake et al. 2008) and hydro-
gen storage (Dimitrakakis et al. 2008). Up-to-date graphene
and graphene oxide-modified carbon paste electrodes have
been successfully applied for the determination of lead (Chen
et al. 2013; Li et al. 2009; Wonsawat et al. 2012; Yang et al.
2011). In this paper, we report the application of a graphene
oxide-modified carbon paste electrode for quantitative lead
determination in rainbow trout muscle tissue under conditions
of square wave anodic stripping voltammetry (SWASV). Both
carbon paste electrodes and square wave voltammetry (SWV)
are very popular in various fields of research. SW techniques
owe their prevalence (Mirceski et al. 2011, 2013a, b; Pacheco
et al. 2010; da Costa Fulgencio et al. 2014; Smarzewska et al.
2012, 2014; Snevajsova et al. 2010; Skrzypek et al. 2011;
Nosal-Wiercinska and Dalmata 2009) to rapidity, simplicity
and sensitivity, while carbon paste electrodes are cheap, stable
and easy to modify (Svancara et al. 2005; Arvand and
Kermanian 2013; Vazquez et al. 2012; Khaled et al. 2008;
Kalcher 1990; Mailley et al. 2004; Fathirad et al. 2013).

Material and Methods

Instrumentation

A μAutolab Type III/General Purpose Electrochemical System
(GPES, version 4.9; Eco Chemie, Netherlands) was used with
an M164 electrode stand (mtm-anko, Cracow, Poland) for all
voltammetric measurements. Experiments were performed in a
typical three-electrode system with a working GO–CPE or
hanging mercury drop electrode (HMDE), a reference Ag/
AgCl electrode (3 mol L−1 KCl) and a counter electrode (Pt
wire). Measurements of pH were made using a CP-315M pH
meter (Elmetron, Poland) with a combined glass electrode.

Solutions and Materials

All the chemicals used (graphene oxide, graphite, paraffin oil,
hydrochloric acid, perchloric acid, lead nitrate) were of analytical
reagent grade and were purchased from Sigma-Aldrich. To
prepare a graphene oxide–carbon paste electrode, 0.45 g of
graphite powder, 0.05 g of graphene oxide and 150 μL of
paraffin oil were mixed and homogenized (15 min) and then
packed into a piston-driven carbon paste electrode holder. Before
each experiment, the surface of the GO–CPE was refreshed by

squeezing out a small portion of paste and polishing it with wet
filter paper until a smooth surface was obtained.

SWASVAnalysis

The general procedure adopted for obtaining adsorptive strip-
ping voltammograms was as follows: the required aliquot of
the analyzed working solution was placed in a cell containing
a supporting electrolyte, deaerated by passing an argon stream
for 600 s, and then stirred at a chosen accumulation potential
throughout the selected accumulation period. Following the
pre-concentration step, the stirrer was stopped, and after 3 s,
scans were carried out over the range of −1.2 to +1.0 V using
the SW technique. All measurements were made in a standard
10 mL voltammetric cell, at room temperature. In order to
ensure the reliability of the experiments, all samples were also
investigated using an HMDE electrode.

Preparation of Real Samples

Rainbow trout were purchased in Prague (Czech Republic),
Lodz (Poland) and Bratislava (Slovakia) from local fish shops

Scheme 1 Nomenclature of the samples

Table 1 Quantitative determination of lead in 0.1 M HCl by SWASV.
Basic statistic data of the regression line

GO–CPE HMDE

Linear concentration range
(mol L−1)

1.0×10−7–7.0×10−5 1.0×10−7–5.0×10−5

Slope of calibration
graph (A) (L mol−1)

4.01 3.39

SD of the slope 4.6×10−2 9.4×10−3

Intercept (A) 2.72×10−8 1.04×10−8

SD of the intercept 2.90×10−9 6.62×10−10

Correlation coefficient 0.9997 0.9997

LOD (mol L−1) 2.18×10−8 5.87×10−9

LOQ (mol L−1) 7.24×10−8 1.96×10−8

Repeatability of peak
current (CV)

1.8 2.9

Repeatability of peak
potential (CV)

0.65 1.2
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and large shopping malls belonging to popular chain
stores. Fish samples were marked as shown in
Scheme 1. Fish sample solutions were mineralized
with a mixture of HClO4/HNO3 according to the
method described in Sobhanardakani et al. (2012). After
mineralization, the samples were filled up to volume (in
10-mL flasks) with 1:1 (v/v) water/0.1 M HCl mixture
(sample solutions). Then, the rainbow trout were ana-
lyzed using the standard addition method. For each fish
sample, some preliminary studies were conducted to
adjust the amount of standard solution.

Linear Regression Equation, Calibration Curve
and Sensitivity

Calibration curves (described with the linear regression equa-
tion y=bx+a) were constructed by plotting lead peak current
(I, A) against lead concentration (C, mol L−1) on the basis of
12 (GO–CPE) or 11 (HMDE) lead standard solutions for the
concentration ranges 1.0×10−7–7.0×10−5 and 1.0×10−7–
5.0×10−5 mol L−1, respectively. To evaluate the sensitivity
of SWASVanalysis, the limit of detection (LOD) and the limit
of quantification (LOQ) were determined. LOQ and
LOD were calculated from the calibration curves as k
SD/b (k=10 for LOQ, k=3 for LOD, SD=standard
deviation of the intercept, b=slope of the calibration
curve, dos Santos et al. 2004). For each concentration
from the calibration curve, the coefficient of variation
(CV) was calculated using the formula as follows:
CV=(SD×Cave

−1)×100 %, where Cave represents the
average lead concentration calculated from the linear regres-
sion equation and SD is the standard deviation of the calcu-
lated concentrations.

Precision and Accuracy

The precision of the developed method was evaluated
for the GO–CPE by the coefficient of variation of three
intra- and inter-day replicate measurements of CZ–FS–T
and SK–FS–H samples done within 1 day and for three
consecutive days, respectively. The accuracy of the
SWASV method was determined by spike recovery.
Appropriate amounts of lead nitrate standard solution
were added into distilled water. Spiked distilled water
solutions were mineralized and analyzed using the stan-
dard addition method under the experimental conditions
as for fish samples described in “SWASV Analysis” and
“Preparation of Real Samples” sections. The recovery of
each spiked solution was calculated using the following
formula: Recovery (%)=100+[(Cave−Cspi) / (Cspi)]×100,
where Cspi is the actual lead concentration in a spiked
sample and Cave is the average lead concentration cal-
culated using the least-squares regression method on the
basis of standard addition method results.

Results and Discussion

Influence of SW Parameters

Research work was started with the selection of supporting
electrolyte. First, various supporting electrolytes were tested
(BR buffers, acetate buffer, ammonia buffer, hydrochloric
acid, nitric acid) in the pH range 0.5–10. The highest lead
signals were recorded in acidic solutions pH 1.0–3.0. Al-
though the recorded signals in pH 2.0 were 3–8 % higher

Fig. 1 SWASV voltammograms
of lead in 0.1 M HCl on GO–CPE
and HMDE, lead concentrations
(in μmol L−1): a 0.10, b 0.50, c
1.0, d 3.0, e 5.0, f 7.0, g 10.0, h
30.0, i 50.00 and j 70.0. The other
experimental conditions were as
follows: amplitude (Esw)=50 mV,
step potential (ΔE)=8 mV,
frequency (f)=8 Hz,
accumulation potential
(Eacc)=−0.9 V and accumulation
time (tacc)=90 s
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(but had slightly worse morphology) than those in pH 1.0, in
the preliminary studies, it was found that the pH of the
mineralized samples was around 1.0; therefore, to ensure
reliable and comparable results, pH 1.0 was chosen for all
the experiments. Next, several supporting electrolyte solutions
were examined at pH 1.0 in detail (hydrochloric acid, nitric
acid, sulfuric acid and perchloric acid) with various
techniques (LSV, DPV, SWV). The strongest, well-
shaped signals were obtained in 0.1 M HCl solution
for all the used techniques. Considering sensitivity and
signal shape, SWASV was chosen for analytical pur-
poses. Then, the influence of SWASV parameters on
lead peak current was examined. During adjusting the
above-mentioned parameters, each parameter was
changed while the others were kept constant using 5×
10−6 mol L−1 lead concentration. These parameters have
correlative influence on the measured peak potential and
current, but in this study, only the general tendencies
were investigated. The studied square wave amplitude,
step potential, frequency, accumulation potential and
accumulation time ranges were 5–200 mV, 1–25 mV,
8–200 Hz, −2.0 to −0.6 V and 5–300 s, respectively.
The optimized values were as follows: Esw=50 mV,
ΔE=8 mV, f=8 Hz, Eacc=−0.9 V and tacc=90 s.

Validation of the Developed Method

First, it is worth mentioning that lead signals recorded on GO–
CPE electrode in optimized conditions were 15 % higher than
those obtained on bare CPE. In our opinion, according to
graphene oxide content in paste, modified electrode has better
conductivity (as explained in the “Introduction” section). That
was confirmed by resistance measurements; measured resis-
tance for CPE and GO–CPE was equal to 235 and 147 Ω,
respectively. In order to validate the developed SWASV ana-
lytical method, linearity, precision, accuracy, sensitivity and
stability were evaluated. Linear regression equations, linearity,
LOD and LOQ are presented in Table 1. Linearity is given by
the correlation coefficient (R2) and shows very good correla-
tion with R2 at 0.9997 in the range of 1.0×10−7–7.0×
10−5 mol L−1 (GO–CPE). The LOD and LOQ were 2.18×
10−8 and 7.24×10−8 mol L−1, respectively. The voltammo-
grams recorded on the GO–CPE and HMDE during calibra-
tion curve examination are shown in Fig. 1.

Repeatability of the procedure was estimated with three
measurements at the same lead concentration. In order to
check the correctness of the method, precision (expressed by
CV) and recovery of the method were also calculated for
different concentrations within the linear range (Table 2).

Table 2 Recovery and precision of the lead peak currents at various lead concentrations

Concentration
given (μmol L−1)

GO–CPE HMDE

Concentration found
(μmol L−1)

Confidence limit
(×10−6)

CV
(%)

Recovery
(%)

Concentration found
(μmol L−1)

Confidence limit
(×10−6)

CV
(%)

Recovery
(%)

0.1000 0.1030 0.0028 2.42 102.9 0.1019 0.0096 8.30 101.9

0.3000 0.288 0.016 4.76 96.1 0.2898 0.0097 2.95 96.6

0.500 0.511 0.017 2.98 102.2 0.509 0.036 6.33 101.8

0.700 0.712 0.031 3.87 101.7 0.698 0.047 6.01 99.7

1.000 1.036 0.011 0.96 103.6 0.987 0.077 6.91 98.7

3.00 3.02 0.23 6.63 100.6 2.87 0.089 2.73 95.7

5.00 5.07 0.13 2.32 101.4 4.98 0.29 5.18 99.6

7.00 7.23 0.17 2.08 103.3 7.03 0.30 3.78 100.4

10.00 10.23 0.43 3.73 102.3 9.90 0.47 4.16 99.0

30.0 29.0 2.6 7.94 96.7 29.1 1.6 4.85 97.0

50.0 49.7 1.3 2.37 99.4 50.9 1.2 2.05 101.8

70.00 70.57 0.28 0.35 100.8 – – – –

Table 3 Precision test of the
SWASVanalysis on GO–CPE Sample Found (mg/100 g)

Intra-day measurements
(average±SD, n=3)

CV Inter-day measurements
(average±SD, n=3)

CV

SK–FS–H 0.03685±0.00077 2.09 0.03663±0.00050 1.37

CZ–FS–T 0.1145±0.0018 1.56 0.1130±0.0053 4.68
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Variations (CV) of the amount of lead found in samples
SK–FS–H and CZ–FS–T were 1.37–4.68 %, indicating that
the lead contained in the mineralized samples was stable for at
least 72 h. Coefficient of variations for intra- and inter-day
measurements is shown in Table 3. Overall variations did not
exceed 2.1 % for intra-day runs and 4.7 % for inter-day runs.

Recoveries were also determined for the two spiked dis-
tilled water solutions. Each water sample was contaminated
by the addition of a specified concentration of lead. An aliquot
of each sample was added into the electrochemical cell, and
recovery curves were constructed by the standard addition
method, using the optimized parameters. Three replicate anal-
yses were made for each sample. The least-squares regression
method was used to evaluate the recovery percentage. The
obtained SWV responses are shown in Fig. 2. The calculated
recoveries of the analyzed samples varied in the range of
98.7–109.6 % (Table 4), demonstrating that the developed
SWASV method was precise and accurate.

Analysis of Rainbow Trout Samples

Analysis of real samples was preceded by testing of the used
solutions for lead content. Samples of distilled water,
supporting electrolyte and HClO4/HNO3 mixture were miner-
alized and analyzed as described in “SWASV Analysis” and

“Preparation of Real Samples” sections. Lead was not detected
in any of the samples. As described in the “Material and
Methods” section, fish samples were mineralized and then
analyzed using the standard addition method. As can be seen
in Fig. 3, where sample voltammograms are shown, in each
experiment, three additions of the standard were made.
Amounts of the standard lead solution varied between samples
from 1×10−8 to 1×10−7 mol due to differences in lead content
between fish samples (for example, additions contained 2×
10−8 and 8×10−8 mol of lead for CZ–FS–T and PL–SM–H
samples, respectively). The lead content calculated for rainbow
trout samples is shown in Table 5. Obtained results (for both
electrodes) were compared with popular statistical tests (F test,
Student’s t test). As it was calculated from F test, standard
deviation values differ significantly in terms of precision only
for sample CZ–SM–H. Student’s t test indicate that only results
for samples SK–FS–H and SK–FS–T differ in a statistically
significant way in terms of accuracy. Additionally, a linear
relationship between lead content and fish length was observed.
This relationship can be described with the following equation:
mPb (mg/100 g)=0.046 lfish (cm)−0.0597, where mPb is the
found amount of lead (in mg for 100 g of fish) and lfish is fish
length. This relationship is probably due to the fact that the
longer a fish lives (the length of fish increases with age), the
longer is the time of lead accumulation.

Fig. 2 SWASV voltammograms
of lead determination in spiked
samples using standard addition
method. Sample 1: s1 sample
(1.0 μmol L−1) and a1/b1/c1
standard additions
(1.0×10−8 mol); sample 2
(5.0 μmol L−1): s2 sample and
a2/b2/c2 standard additions
(5.0×10−8 mol) at GO–CPE and
HMDE in 0.01 M HCl.
Experimental conditions are the
same as those in Fig. 1

Table 4 Determination of lead in spiked samples

Added
(μmol L−1)

GO–CPE HMDE

Found
(μmol L−1)

Confidence limit
(×10−6)

Precision
CV

Recovery
(%)

Found
(μmol L−1)

Confidence limit
(×10−6)

Precision
CV

Recovery
(%)

1.000 1.026 0.027 2.35 102.9 1.096 0.048 3.84 109.6

5.000 5.02 0.14 2.43 100.4 4.936 0.076 1.36 98.7
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Selectivity of the Method

The selectivity of the developed method was evaluated
by the addition of possible interferents–heavy metals
(zinc, mercury, cadmium, copper, nickel and cobalt).
To 5×10−6 mol L−1 lead, solutions of interferents were
added at concentration ratios of 1:1, 1:2 and 1:10. The
responses were compared to those obtained for the pure
standard lead solution. Only the presence of cadmium
caused significant enhancement of the background cur-
rent (without influencing the lead peak current). The
other studied substances did not interfere with the determina-
tion of lead under the working conditions used (signal
change <3 %).

Conclusions

Graphene oxide-modified carbon paste electrode was used in
combination with the SWASV technique to develop a novel and
alternative electroanalytical method for lead determination in real
samples. The GO-modified electrode exhibits stability, reproduc-
ibility and favourable properties for quantitative lead determina-
tion. Micromolar concentrations of lead were determined by
square wave anodic stripping voltammetry at the surface of the
GO–CPEwith a CV smaller than 5 %, recoveries in the range of
96.1 to 103.6 % and a LOQ of 7.24×10−8 mol L−1. The
important point that should be emphasized is the environmental
friendliness and/or low cost of the GO–CPE in comparison to
e.g. metal film electrodes (Bi, Hg, Au) frequently used in lead

Fig. 3 SWASV voltammograms
of lead determination in rainbow
trout muscles using standard
addition method (sample CZ–FS–
T: s1 sample and a1/b1/c1
standard additions; sample
PL–SM–H: s2 sample and
a2/b2/c2 standard additions) on
GO–CPE and HMDE in 0.01 M
HCl. Experimental conditions are
the same as those in Fig. 1

Table 5 Contents of lead in
rainbow trout Sample GO–CPE HMDE

Found
(mg/100 g)

Confidence
limit (×10−2)

CV Found
(mg/100 g)

Confidence
limit (×10−2)

CV

CZ–SM–H 0.426 3.82 4.92 0.428 0.299 0.62

CZ–SM–T 0.417 3.28 4.95 0.430 1.77 3.65

CZ–FS–H 0.121 0.621 4.52 0.119 0.327 2.43

CZ–FS–T 0.114 0.203 1.56 0.110 0.529 4.22

PL–SM–H 0.628 2.43 3.41 0.612 2.16 3.12

PL–SM–T 0.608 3.51 4.90 0.601 1.75 2.58

PL–FS–H 0.167 1.12 4.94 0.183 0.982 4.74

PL–FS–T 0.153 0.352 2.03 0.145 0.796 4.82

SK–SM–H 0.066 0.0586 0.78 No data

SK–SM–T 0.065 0.225 3.05 No data

SK–FS–H 0.036 0.0873 2.09 0.041 0.216 4.63

SK–FS–T 0.036 0.994 2.41 0.045 0.170 3.33
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determination. Furthermore, GO–CPE offers also a simple and
rapid cleaning procedure, which allows for the use of the elec-
trode for a long time with reproducible responses. The other
benefits of the developed method such as rapidity and simplicity
were proven by the successful application of the method to
rainbow trout analysis following simple preparation of samples.
It is worth noting that the results obtained on the GO–CPE are
comparable with those obtained on the HMDE. The GO–CPE
exhibits small variation coefficients, very good recoveries and a
linear range even longer than that obtained for the HMDE. Such
behaviour proves that mercury electrodes and metal film elec-
trodes can be successfully replaced by environmentally friendly
carbon electrodes with graphene oxide modifications, as the
sensitivity exhibited by GO–CPE electrode is sufficient for real
sample analysis.
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