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A B S T R A C T

This work aims at the development of an electrochemical affinity biosensor for Pb(II) quantification using a
platform that combines glassy carbon electrodes (GCE) and an aqueous dispersion of single-walled carbon na-
notubes (SWCNT) covalently modified with cysteine residues (Cys). The biosensing protocol includes the ac-
cumulation of Pb(II) at the electrode surface through the affinity interaction promoted by Cys residues at open
circuit potential, followed by the reduction of the accumulated Pb(II) at ‐0.900 V and the transduction step
performed by linear sweep-adsorptive stripping voltammetry (LSAdSV) in a 0.020M acetate buffer solution
pH 5.00. There is a linear relationship between Pb(II) oxidation peak current and Pb(II) concentration. The
dynamic linear range extends from 5.0 to 125.0 μg·L−1, exhibiting a sensitivity of 0.061 μAμg−1L and a detection
limit of 0.69 μg·L−1. In addition, the selectivity of the biosensor was evaluated in the presence of high con-
centrations of possible interferents such as Cu(II), Cd(II), Ni(II), Hg(II), Rh(II), Ru(II), Zn(II), Ir(IV), Co(II) and As
(III) demonstrating a high discrimination of Pb(II) in complex samples. The sensor was challenged with tap and
rain water samples enriched with Pb(II), demonstrating outstanding properties in terms of recovery percentages
showing an excellent agreement with ICP- MS.

1. Introduction

The increasing industrialization and urbanization over the past few
decades led to the pollution of water due to the discharge of several
toxic agents into ecosystem. This issue has become a major global
concern [1]. Effluents may contain different kinds of toxic wastes like
heavy metals and synthetic chemicals such as pesticides, pharmaceu-
ticals, among other harmful contaminants [2,3]. It is widely known that
the main sources of heavy metals are derived from industrial and
agricultural activities like the use of pesticides and fertilizers, mining
processes, fossil fuel, metallurgical and plastics production [3,4]. Heavy
metals are non-biodegradable and ubiquitously spread, in addition,
they are leading the ranking of harmful environmental chemicals since
human and cattle health could be seriously damaged by long-term ex-
posure and accumulation due to the ingestion of contaminated food and
drinking water [3,5–7].

Lead, chromium, cadmium, mercury, nickel, copper and zinc are
present at high levels in wastewater, mainly in undeveloped countries
[8,9]. Among them, lead is a general metabolic poison and enzyme

inhibitor which can be accumulated in bones, liver, brain, kidney and
muscles [6,7]. Consequently, long term incorporation of lead can cause
serious disorders like anemia, kidney disease, severe damage to the
nervous system and mental retardation, especially children who are
more likely to absorb and retain lead [5,7,10,11]. According to World
Health Organization (WHO), the provisional guideline value for lead in
drinking water is 0.010mg L−1 [12]. These issues emphasize the im-
portance of developing reliable, highly sensitive, user-friendly and cost
effective tools for detection of heavy metals in different samples.

Considering the fact that detection and removal of these toxic ions is
essential for the human well-being, several analytical techniques have
been developed in order to survey drinking water, wastewaters and
other samples that could be potentially in contact with them [13–15].
The most commonly used analytical techniques for their quantification
include gas chromatography/mass spectrometry (GC/MS), inductively
coupled plasma-mass (ICP-MS) and atomic absorption spectroscopy
(AAS), among others [16–19]. Though highly sensitive, these analytical
techniques are time-consuming, expensive, require experienced op-
erator and are not easy to be employed in the field due to their bulky
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size. Overcoming these limitations, chemical sensors have emerged as
an alternative for a simple, rapid, cost-effective and portable tool to
analyze environmental security threats [15,20]. Among them, (bio)
sensors are self-contained integrated devices that are capable of pro-
viding analytical information by integrating a biorecognition element
which is in direct spatial contact with a transduction element [21,22].
In particular, electrochemical biosensors are simple to operate, facile
fabrication and device integrated. These features make them out-
standing alternative tools for a wide range of analytical purposes
[15,20–23].

Advancements in the field of nanotechnology, especially the de-
velopment of nano(bio)materials, have opened a new era for Analytical
Chemistry [15,24]. Nanomaterials exhibit unique characteristics which
contribute to its extensive applications in electrochemistry [25,26].
Among them, multi-walled carbon nanotubes (MWCNTs) and single
walled carbon nanotubes (SWCNTs) have interesting physical, chemical
and electrical properties that make them excellent candidates for the
development of electrochemical biosensors [27–29]. However, due to
the strong π-π interactions between their aromatic rings, CNTs tend to
aggregate in aqueous solutions, making difficult their dispersion and
further use for the development of electrochemical (bio)sensors
[30–32]. Therefore, covalent or non-covalent functionalization of CNTs
is a key alternative to avoid this problem [33]. The covalent functio-
nalization of CNTs is more robust and better controllable as compared
to non-covalent based methods [34–39]. Covalent functionalization
also offers the possibility of establish a selective interaction and the
ability to pre-concentrate a given analyte before its quantification.
Amino acids have been reported as possible biorecognition molecules
for the selective determination of heavy metals due to the presence of
sulfur, nitrogen and/or oxygen atoms that can be recognized via the
cooperative metal–ligand interaction [40–43]. In this sense, the use of
glassy carbon electrodes (GCE) modified with poly-histidine have de-
monstrated to be very useful for the highly selective quantification of
Cu(II) [44]. Recently, we reported the covalent functionalization of
SWCNT with Cys and the development of a sensitive and selective
biosensor for Cd (II) quantification as a model analyte [45].

This work proposes SWCNT-Cys dispersion as a suitable platform
with unique properties for Pb(II) selective and sensitive quantification
based on the high affinity of Cys residues towards Pb(II) [40]. SWCNT-
Cys dispersion and the obtained biosensor (SWCNT-Cys/GCE) were
critically studied. The optimal dispersion conditions as well as the
correct transducer functionalization were investigated by electro-
chemical impedance spectroscopy zeta potential and linear adsorptive
sweep voltammetry (LAdSV) measures. Experimental parameters, such
as the deposition time and reduction time, were optimized by LAdSV.
Finally, the electrochemical sensor was applied to the quantification of
Pb(II) in real samples demonstrating outstanding capabilities in com-
parison with reference methods such as ICP-MS.

2. Experimental

2.1. Reagents

SWCNTs (AP-SWNT grade) were purchased from Carbon Solutions
Inc., Riverside, California. The supporting electrolyte for the electro-
chemical assays was 0.020molL−1 acetate buffer solution pH 5.00
(ABS), prepared by mixing stock standard solution of acetic acid and
sodium acetate obtained from J.T. Baker. Hg2(NO3)2H2O and As2O3

was obtained from Biopack; Pb(CH3COO)2Pb(OH)2 and (CdSO4)3•8H2O
were obtained from Anedra. Sodium dodecylbenzenesulfonate (SDBS),
anhydrous N,N′-dimethylformamide(DMF), o-(benzotriazol-1-yl)-
N,N,N´,N´-tetramethyluroniumhexafluorophosphate (HBTU), N,N-dii-
sopropylethylamine (EDIPA), S-triphenylmethylcysteine (S-Trt-Cys),
trifluoroacetic acid (TFA), NiCl2•6H2O, Zn(NO3)·6H2O were purchased
from Sigma-Aldrich. Atomic absorption standard solutions of copper,
rhodium, ruthenium, iridium were provided by Merck, while

CoSO4•7H2O was purchased from Dalton. Ultrapure water
(p= 18.2MΩ cm) from a Millipore-MilliQ system was used for pre-
paring all the solutions.

2.2. Apparatus

Electrochemical experiments were performed with an Autolab
PGSTAT 128 N potentiostat (EcoChemie). Glassy carbon electrodes
(GCE, CH Instruments, 3 mm diameter) were used as working elec-
trodes. A platinum wire and Ag/AgCl, 3M NaCl (BAS, Model RE-5B)
served as counter and reference electrodes, respectively. All potentials
are referred to the later. The electrodes were inserted into the con-
ventional electrochemical cell through holes in its Teflon cover. A
magnetic stirrer set at 800 rpm provided the convective transport
during the pre-concentration step (previous to stripping experiments).

Electrochemical Impedance Spectroscopy (EIS) measurements were
performed with an Autolab PGSTAT 128 N potentiostat (EcoChemie).
The redox probe was 0.020mol L−1 hydrogen peroxide prepared in a
0.050mol L−1 phosphate buffer solution (PBS) pH 7.40 and the
working potential was −0.100 V.

The zeta potential (Z) was determined by electrophoretic light
scattering (ELS) measurements, using a Delsa Nano C instrument
(Beckman Coulter).

Infrared spectroscopy (FTIR) measurements were performed with a
Bruker Vertex 70 spectrometer. The samples were prepared with
spectroscopic-grade KBr.

2.3. Cysteine-covalent functionalization of SWCNT (SWCNT-Cys) and
preparation of SWCNT-Cys dispersion

The obtention of SWCNT covalently modified with Cys was pub-
lished elsewhere [45]. Briefly, SWCNTs were purified in-house by air
oxidation (350 °C, 2 h) followed by reflux in HCl (3M, 2 h). Later,
SWCNT were oxidized in a H2SO4/HNO3 mixture (50:50 ratio, during
3 h), then they were dispersed in SDBS by ultracavitation and purged in
an Ar atmosphere. The carboxylic activation was performed using
HBTU/EDIPA for later interaction with L-S-Trityl-Cys dissolved in DMF.
The deprotection of the thiol group was accomplished by using TFA and
a silane derivative acting as scavenger. The final product was filtered,
rinsed and dried under vacuum. Modified SWCNT were characterized
by FTIR, TGA, XPS and Raman [45].

SWCNT-Cys dispersion was obtained by mixing 0.50mg of cova-
lently modified SWCNT-Cys with 1.0 mL of ultrapure water followed by
5min of ultracavitation. Similar procedure was followed in order to
prepare SWCNT and oxidized-SWCNT (SWCNT-Ox) dispersions for
control experiments.

2.4. Preparation of SWCNT-Cys-modified GCE (SWCNT-Cys/GCE)

Prior to modification, GCEs were polished with alumina slurries of
1.0, 0.30 and 0.05 qm for 2min each and then sonicated in ultrapure
water for 10 s. The pretreated electrodes were dried with a stream of
nitrogen. After that, GCEs were modified with SWCNT-Cys dispersion in
the following way: an aliquot of 20 μL was dropped on top of each
polished GCE and then the solvent was allowed to evaporate at room
temperature.

2.5. Procedure

The capture of Pb(II) at SWCNT-Cys/GCE through complex forma-
tion was carried out at open circuit potential (OCP) for 7.0 min under
stirring conditions. After the accumulation step, the electrode was
thoroughly rinsed with 0.020mol L−1 acetate buffer solution (ABS)
pH 5.00 for 10 s and then transferred to a cell containing fresh
0.020mol L−1 ABS pH 5.00. At this stage, the potential of the electrode
was kept at−0.900 V for 3.0 min without stirring in order to reduce the
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captured metal and finally, the stripping was performed by LSAdSV
between −0.900 V to 0.800 V with a step increment of 5.0mV and scan
rate of 0.150 Vs−1.

The analytical signal was obtained using three electrodes for each
experiment after subtracting the background current (Scheme 1). All
the experiments were conducted at room temperature.

3. Results and discussion

3.1. Characterization of SWCNT-Cys dispersion

Fig. 1 shows SEM images for SWCNT-Ox/GCE (Fig. 1A) and SWCNT-
Cys/GCE (Fig. 1B). The images show that carbon nanostructures com-
pletely cover the glassy carbon disk. However, in the case of SWCNT-
Cys dispersion (Fig. 1B) the nanotubes are densely patterned and in-
tegrated, demonstrating an improved coverage of the glassy carbon
surface. These results strongly suggest that the presence of Cys at the
surface of SWCNT facilitates and promotes the dispersion of these
modified SWCNTs and its homogeneous and robust deposition onto the
glassy carbon surface.

The electrical properties of SWCNT-Cys/GCE surface were obtained
from EIS experiments. Fig. 2 displays the Nyquist plots obtained at
−0.100 V for SWCNT/GCE (A), SWCNT-Ox/GCE (B) and SWCNT-Cys/
GCE (C) using a 0.020M H2O2 solution as redox probe. The obtained
experimental data were fitted with a Randles equivalent circuit (Fig. 2,
inset), where Rs is the solution resistance, Rct is the electron transfer
resistance and Qdl is a constant phase element modeling the double
layer capacitance. The Rct values obtained at the different electrodes
were (1.9 ± 0.3)× 104Ω, (1.6 ± 0.1)× 104Ω and
(1.3 ± 0.1)× 104Ω, for SWCNT/GCE (a), SWCNT-Ox/GCE (b) and
SWCNT-Cys/GCE (c), respectively. From the analysis of the experi-
mental Rct, the increment of oxygenated groups in the nanostructure
facilitates the electron transfer of the redox probe. As might be ex-
pected, Cys residues partially block the SWCNTs surface [45]. On the
other hand, for this redox probe, the incorporation of a great number of
Cys groups produces a decrease in the Rct value, which is attributed to
the catalytic activity of the Cys-thiol group towards H2O2 [46].

The magnitude of the electrostatic charge properties of the plat-
forms containing modified SWCNT can be determined by Z-potential
measurements of the SWCNTs water dispersions. Z-potential assays at
different pH values were performed for both modified dispersions
SWCNT-Ox and SWCNT-Cys and the unmodified one (SWCNT) as a
control (Fig. 1 SI). As it can be seen, the unmodified SWCNT present a
low negative charge density in a wide pH range, due to the purification
process, being the isoelectric point close to 4. SWCNT-Ox show a higher
negative charge and changes in the surface properties as a consequence
of the oxidation procedure in strong acidic media, due to the in-
corporation of different oxygenated groups, as can be observed by FTIR
(Fig. 2 SI). The FTIR spectra shows that oxidation process introduces

0

Scheme 1. Proposed recognition mechanism of Cys-functionalized SWCNTs (SWCNT-Cys) towards Pb.

Fig. 1. SEM images for SWCNT-Ox/GCE (A) and SWCNT-Cys/GCE (B).

Fig. 2. Nyquist plot for the impedance spectra obtained for: SWCNT/GCE (A),
SWCNT-Ox/GCE (B) and SWCNT-Cys/GCE (C). Frequency range:
1.0× 10−1 – 1.0×105 Hz, potential perturbation: 0.010 V, working electrode
potential: −0.100 V, redox indicator: 0.020molL−1 H2O2 solution. Supporting
electrolyte: saline buffer phosphate pH: 7,40.
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new oxygen groups, specifically carboxylic groups, which is detected at
1724 cm−1 [47]. Under these conditions, within the assayed range of
pH values it is not possible to determine the isoelectric point. After the
coupling of Cys-residues, SWCNT-Cys exhibit a slightly lower electro-
static charge compared to SWCNT-Ox demonstrating the efficient
functionalization of SWCNT. These results are in accordance with those
obtained by FTIR, where a consumption of carboxylic groups after Cys
coupling reaction is evidenced by the increase in the band ratio be-
tween the one at 1724 cm−1 and the rest of carbonyl-based bands,
appearing in the range of 1550–1750 cm−1. New contributions between
1600 and 1624 cm−1 are observed in this region, which becomes much
more populated after reaction, due to the presence of the amide bond,
giving account of the efficient Cys-functionalization step [45].

In order to analyze the behavior of the proposed platform for the
detection and quantification of lead, SWCNT/GCE, SWCNT-Ox/GCE
and SWCNT-Cys/GCE were challenged with a 60 μgL−1 Pb(II) in
0.020molL−1 acetate buffer solution pH 5.00 (ABS) (Scheme 1). As can
be observed in Fig. 3, SWCNT/GCE platform is non-reactive for Pb(II)
recognition due to either the nature or the low amount of available
groups for Pb(II) affinity interaction. SWCNT-Ox/GCE and SWCNT-Cys/
GCE allow Pb(II) detection because of the affinity of the oxygenated
groups of both surfaces [48]. However, the affinity of Cys residues by
Pb(II), makes possible a more selective and efficient accumulation of
these metal ion [40], being the response with the platform SWCNT-Cys/
GCE almost three times higher than the one for SWCNT-Ox/GCE
((3.6 ± 0.5) μA vs (1.3 ± 0.4) μA, respectively), demonstrating the
advantages of the platform SWCNT-Cys/GCE.

3.2. Optimization of Pb(II) quantification and analytical performance of
SWCNT-Cys/GCE

The experimental parameters for the detection of Pb(II) were criti-
cally evaluated to obtain the best compromise between sensitivity and
reproducibility. The accumulation time (pre-concentration step) at
OCP, the complex formation with thiol (SH) groups of Cys and the re-
duction time at −0.900 V before the stripping step were evaluated
through the final stripping signal of Pb(II). For the optimization of the
preconcentration step at OCP, times of 1.0, 3.0, 5.0, 7.0 and 10.0 min
were investigated (results not shown). The maximum response for
60 μgL−1 Pb(II) solution was reached at 7.0min, remaining almost
constant for higher times. For the selection of the best reduction time at
−0.900 V, times ranging from 1.0 to 5.0 min were assayed, being

3.0 min the one that allowed to obtain the best compromise between
sensitivity and reproducibility. Therefore, for further experiments the
selected conditions were 7.0min preconcentration step at OCP, fol-
lowed by 3.0 min at −0.900 V and the re-oxidation by a potential scan
from –0.900 V to +0.800 V at a scan rate of 0.150 Vs−1.

Fig. 4A. displays the current–potential profiles obtained for different
concentrations of Pb(II) while the corresponding calibration plot is
shown in Fig. 4B. The linear relationship between current and Pb(II)
concentration ranges from 5 to 125 μg·L−1. It is important to remark
that this range comprises lower Pb(II) values than the maximum con-
centration of Pb(II) allowed by WHO in water for human consumption
(10 μg·L−1) [12]. The average sensitivity of biosensor was
(0.061 ± 0.001) μA/μg·L−1, with a correlation coefficient of 0.995.
The detection limit, calculated as 3.3× σ/S (where σ is the standard
deviation of noise blank signal and S the sensitivity), was 0.69 μg·L−1.

The biosensor ability for the specific detection of Pb(II) is a very
important issue to evaluate. Considering that Hg(II) and Cd(II) are the
most critical interferents due to the affinity of Cys by them, the se-
lectivity of the proposed biosensor was evaluated in presence and ab-
sence of Hg(II) and Cd(II). Fig. 5. A. exhibits the current–potential
profiles obtained for Pb(II) 60 μg·L−1 in absence and in presence of Hg
(II) 400 μg·L−1 and Cd(II) 100 μg·L−1. This figure shows the behavior
and potential separation of Cd(II), Pb(II), and Hg(II) which appear at

Fig. 3. LSAdSV recordings at SWCNT/GCE, SWCNT-Ox/GCE, SWCNT-Cys/GCE
in 0.020molL−1 ABS pH 5.00 containing 60 μg·L−1 Pb(II) Accumulation (pre-
concentration) at OCP for 7 min, reduction time: 3min, scan rate: 0.150 Vs−1.

Fig. 4. A) LSAdSV at SWCNT-Cys/GCE with different concentrations, from 5 to
125 μg·L−1 Pb(II). B) LSAdSV calibration plot at SWCNT-Cys/GCE corre-
sponding to the peak current in LSASV. Supportin electrolite: 0.020molL-1 ABS
pH 5.0 Deposition potential: OCP, deposition time: 7min, reduction time:
3min, scan rate: 0.150 Vs−1.
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around −0.700 V, −0.540 V and +0.500 V, respectively, revealing
that the current peaks are separated enough avoiding the mutual in-
terference and allowing Pb(II) selective detection. A similar experiment
using the same concentrations of Pb(II), Cd(II) and Hg(II) was per-
formed in order to compare the behavior of the different surfaces
(SWCNT-Cys/GCE, SWCNT-Ox/GCE and SWCNT/GCE) in the presence
of the three heavy metals. No response was observed for Pb (II) neither
in the absence (as discussed in Fig. 3) nor in the presence of Cd(II) and
Hg(II) (Fig. 3 SI). However, at SWCNT-Ox/GCE small oxidation signals
are observed for Pb (II) and Cd(II), while for Hg(II) there is no response.
It is important to mention that, at variance with SWCNT-Ox/GCE, at
Cys-modified platform there are higher signals for the simultaneous
oxidation of Pb(II) and Cd(II) and it is also possible to obtain a well-
defined signal for Hg(II), clearly demonstrating the advantages of
SWCNT-Cys/GCE (Fig. 3 SI)·The corresponding calibration plots for Pb
(II) at SWCNT-Cys/GCE in absence and in presence of 100 μg·L−1 Cd(II)

and 400 μg·L−1 Hg(II) are illustrated in Fig. 5. B. As can be observed,
the sensitivities are (0.061 ± 0.001) μA/μg·L−1 (R2= 0.995) and
(0.068 ± 0.006) μA/μg·L−1 (R2= 0.998) in the absence and presence
of Cd(II) and Hg(II), respectively. This information is indicative that the
performance of the sensor is not affected by the presence of these po-
tential interferents. The biosensor was further challenged with
400 μg·L−1 of Hg(II), 100 μg·L−1each Co(II), Zn(II), Ni(II), Cr(III), As
(III), Ir(IV), Cd(II) and 20 μg·L−1 of Cu(II), in the presence of 60 μg·L−1

Pb(II). Fig. 6. displays the absolute measured currents (obtained from
LAdSV recordings, data not shown) of Pb(II) and its potential inter-
ferents. It is important to remark that only Cd(II), Hg (II) and Cu(II), in
addition to Pb(II) present oxidation signals. The oxidation signal of Cu
(II) appears at around +0.030 V. Under these conditions, the biosen-
sing platform efficiently discriminates Pb(II) from the assayed species
demonstrating that it allows the highly selective detection of Pb(II).

Information about analytical parameters of different Pb(II)

Fig. 5. A) LSAdSV recordings at SWCNT-Cys/GCE for 60 μg·L−1 Pb(II) (dashed line) and 60 μg·L−1 Pb(II) with 100 μg·L−1 Cd(II) and 400 μg·L−1Hg(II) (solid line) B)
Calibration plots at SWCNT-Cys/GCE in 0.020molL−1 ABS pH 5.0 for 5 to 125 μg·L−1 Pb(II) in absense (a) and in presence of 100 μg·L-1 Cd(II) and 400 μg·L-1 Hg(II)
(b). Deposition potential: OCP, deposition time: 7min, reduction time: 3min, scan rate: 0.150 Vs−1. Results are presented as mean ± SD (error bar) of triplicate
experiments.

Fig. 6. Absolute current response from LAdSV recordings of
SWCNT-Cys/GCE in 0.020molL−1 ABS pH 5.0 for different
species: 60 μg·L−1 Pb(II), 20 μg·L−1 Cu(II), 100 μg·L−1 Cd
(II), Ni (II), Rh(II), Ru(II), Zn(II), Ir(IV), Co(II), As(III) and
400 μg·L−1 Hg(II). Deposition potential: OCP, deposition
time: 7 min, reduction time: 3min, scan rate: 0.150 Vs−1.
Results are presented as mean ± SD (error bar) of triplicate
experiments.
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electrochemical sensors and biosensors reported in the last years are
listed in Table 1. It is worthy to mention that the proposed biosensor in
addition to the excellent performance, exhibits an outstanding opera-
tional property compared to the rest of the published electrochemical
devices. All the sensors and biosensors reported in bibliography require
of extremely high cathodic potentials, ranging from −1.10 V to
−1.80 V for Pb(II) accumulation step [49–57], since all of them take
advantage of the cation reduction for the subsequent stripping detec-
tion. In addition, the medium exchange step of the proposed sensing
methodology, ensure the increase of the specificity in the presence of
possible interferents (metals cations and other species). In addition,
most of them display higher accumulation times, increasing the total
time of the assay. Other interesting features of SWCNT-Cys/GCE are the
comparable or smaller detection limits and similar or wider dynamic
linear range than most of the sensing protocols already published
(Table 1). In the present detection protocol, the biosensor is able to bind
Pb(II) at OCP, without the need of elevated cathodic potentials, since
the recognition event proceeded by affinity interactions which

contributes to the high specificity of the assay. In summary, the bio-
sensing platform based on SWCNT modified with Cys residues becomes
an excellent and advantageous option for the highly sensitive, selective,
easy and low-cost quantification of Pb(II) even in the presence of high
concentrations of possible intereferents such as metals and other re-
ducible species.

The practical application of the proposed electrochemical biosensor
was evaluated from the point of view of its operational performance in
recovery assays of Pb(II) in tap water samples taken from Cordoba city
(Argentina) by triplicate. The obtained values are summarized in
Table 2. The biosensor was validated using ICP-MS. For this assay, 0,
5.0 and 30.0 μg·L−1 Pb(II) were added to tap water showing excellent
results for its determination, demonstrating an outstanding agreement
with ICP-MS results. Further recovery assays were performed com-
paring tap and rain water with the addition of 60.0 μg·L−1 Pb(II) each
by triplicate. The recovery was 98.3% (59 ± 7 μg·L−1) from tap water
and 100% (60 ± 5 μg·L−1) from rain water, displaying a highly re-
producible behavior of the proposed biosensor in both samples.

Table 1
Analytical performance comparison of SWCNT-Cys/GCE with different reported platforms for Pb(II) detection.

Electrode Method Sensitivity Detection limit Detection range Accumulation
potential

Comments Ref.

GO/MWCNTs/GCE ASV 0.1914 μA ppm−1 0.2 ppb 0.5–30 ppb −1.4 V Analyzed interferents: Zn2+, Cd2+ and
Cu2+

Real Sample: electroplating effluent samples
Accumulation time: 180 seg.

[46]

Bi/CMWCNTs-β-CD-
Nafion/GCE

SWASV 0.3345 μA ppm−1 0.21 ppb 1.0–100 ppb −1.2 V Analyzed interferents: Cd2+, Cu2+, Na+,
As3+, Cr2+, K+, Ca2+ and Zn2+

Real Sample: real soil samples
Accumulation time: 140 seg.

[47]

L-cys/GR–CS/GCE DPASV 0.745 μA ppm−1 0.45 ppb 1.04–62.1 ppb −1.1 V Analyzed interferents: phenolics and
inorganic salt ions
Real Sample: Laoshan honey- wuxi rice
Accumulation time: 120 seg.

[48]

Au-GN-Cys/GCE SWASV 0.58 μA ppm−1 0.050 ppb 0.5–40 ppb −1.2 V Analyzed interferents: Cd2+, Co2+, Fe3+,
Ni2+, Cr3+, Zn2+, Cu2+, In3+ and Sn2+

Real Sample: spring water from Yuelu
Mountain.
Accumulation time: 800 seg.

[49]

Au/CNFs/GCE SWASV 2,36,803 μA μM 20 ppb 20 to 207 ppb −1.8 V Analyzed interferents: -
Real Sample: -
Accumulation time: 150 seg.

[50]

Bi/rGOCNT/AuE SWASV 926 nA/ppbcm2 0.2 ppb 20 ppb to 200 ppb −1.4 V Analyzed interferents: K+, Na+, Ca2+, Cl−,
NO3−, Fe3+, Cu2+

Real Sample: drinking water
Accumulation time: 150 seg.

[51]

MnFe2O4@Cys/GCE SWASV 35.3 mA/mM 0.0607 μM 0.2–1.1 μM −1.5 V Analyzed interferents: Zn(II), Ni(II), Co(II),
Fe(III), Na(I), Cd(II), Cu(II)
Real Sample: river water
Accumulation time: 150 seg.

[52]

MWCNT-EBP-NA/GCE SWASV 0.66562 μA/μg L−1 0.08 μg L−1 1.0 to 50.0 μg·L−1 −1.4 V Analyzed interferents: Cu2+, Na+, As3+,
Cr2+, K+, Ca2+, Zn+2 and Cd+2

Real Sample: soil samples
Accumulation time: 120 seg.

[53]

RGO-CS/PLL/GCE DPASV 0.45 μA/μg L−1 0.02 μg L−1 0.05–2.0 μg L−1 −1.2 V Analyzed interferents: Zn(II), Mn(II), Ni(II),
Fe(II), Fe(III), Co(II), Mg(II), Ba(II), Ca(II),
Al(III), K(I), Ag(I), Na(I) Cd(II) and Cu(II)
Real Sample: tap water
Accumulation time: 180 seg.

[54]

SWCNT-Cys/GCE LSAdSV 0.061 ± 0.001 μA/μg·L−1 0.69 μg L−1 5–125 μg L−1 OCP Analyzed interferents: Cu(II), Cd(II), Ni (II),
Hg(II), Rh(II), Ru(II), Zn(II), Ir(IV),Co(II)
and As(III)
Real Sample: tap water and rain water
Accumulation time: 180 seg.

This
work

Graphene oxide (GO), multi-walled carbon nanotubes (MWCNTs), glassy carbon electrode (GCE), bismuth film (Bi), carboxylic acid functionalized multi-walled
carbon nanotubes (CMWCNTs), β-cyclodextrin (β-CD), chitosan (CS), tiol (SH), L-cysteine (L-cys). Graphene reduced (GR), gold nanoparticle (Au), Graphene (GN),
carbon nanofibers (CNFs), cysteine (Cys), single-walled carbon nanotubes (SWCNT), square wave anodic stripping voltammetry (SWASV), reduced graphene oxide
carbon nanotubes (rGOCNT), gold electrode (AuE), multi-walled carbon nanotube-ion liquid (MWNT-IL), screen-printed carbon electrod (SPCE), L-cysteine func-
tionalized mesoporous MnFe2O4 hybrid nanospheres (MnFe2O4@Cys), −emeraldine base polyaniline (EBP), Nafion (NA), reduced graphene oxide (RGO), poly-L-
lysine films (PLL).
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4. Conclusions

We have demonstrated the advantages of a novel electrochemical
affinity sensing platform for Pb(II) quantification using GCE modified
with an aqueous dispersion of SWCNT covalently functionalized with
Cys moieties. The proposed sensor presents the great advantage that the
accumulation of Pb(II) is based on the complex formation through the
affinity interaction with Cys without the need of highly cathodic po-
tentials. The affinity binding Cys-Pb(II) highly contributes to the en-
hancement of the selectivity of the biosensor. SWCNT-Cys/GCE proved
to be a very suitable biodetection platform for the highly sensitive and
selective Pb(II) quantification in the presence of elevated concentra-
tions of other heavy metal species in water samples, showing an ex-
cellent correlation with ICP-MS. These outstanding analytical char-
acteristics make SWCNT-Cys/GCE an interesting alternative for the
evaluation of environmental damage.
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