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Cadmium is a highly toxic heavy metal, even at low concentrations. Moreover, it bio-accumulates with a long
biological half-life producing a wide variety of acute and chronic effects like cancer in humans. Therefore, there
is significant interest in providing a portable and user-friendly sensor for heavy metal detection. A highly sen-
sitive and selective electrochemical sensor for Cd(II) determination was developed as an alternative. The Cd (II)
receptors were integrated into the sensor using an ion-imprinted polymer film (IIPs film). Accordingly, 4-amino-
phenylacetic acid (4-APA) was electropolymerised in the presence of Cd(II) ions as a template using cyclic
voltammetry (CV) on screen-printed carbon electrodes (SPCEs). Imprinted cavities were obtained after the
alkaline elution of ions. Sensor characterisation was performed using SEM, ATR-FTIR and electrochemical
methods, such as cyclic voltammetry (CV) and electrochemical Impedance Spectroscopy (EIS), and compared to
control experiments (not imprinted polymeric film, NIP film). Analytical performances of the IIP sensor revealed
a sensitivity 5-order of magnitude higher than the NIP response in a concentration range from 10 to 1200 nM of

Cd (II). This technology can potentially be applied for water quality control and monitoring of heavy metals.

1. Introduction

Industrial activities are the primary source of cadmium pollution
causing a substantial threat to human and animal life [1]. A critical
source is the industrial waste and water disposal contaminated by heavy
metals generated in extractive industries of metals, batteries, iron and
steel production, and effluents [2]. Intake of low cadmium concentra-
tions in humans can severely affect cellular functions such as prolifer-
ation, apoptosis, cell signalling and gene expression|[3]. Both short-term
and long-term cadmium exposure harms human health and can lead to
severe diseases and several cancers [4]. Cd(II) ions have been classified
as carcinogenic to humans by the World Health Organization (WHO),
even at low doses, with a maximum limit of 3 ug L™! in drinking water
[5].

Different analytical techniques have been developed for the detec-
tion of Cd(II), such as inductively coupled plasma mass spectrometry
(ICP-MS) [6], atomic absorption/emission spectroscopy (AAS/AES) [7],
ultraviolet-visible spectrometry [8], voltammetry [9-16], atomic fluo-
rescence spectrometry (AFS) [14] In general, some of them require
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expensive equipment, complex and intensive sample pre-treatment, and
the analyte pre-concentration steps. Regardless of their performance,
most of them are often tedious and time-consuming and require signif-
icant amounts of reagents, trained personnel and sophisticated appara-
tuses. Consequently, there is a need for a cost-effective, rapid, simple,
selective, and sensitive method that permits real-time detection of metal
ions. In addition, minimal sample treatment is desirable due to the
danger that heavy metal ions pose to operators.

As an alternative, electrochemical sensors for Cd(II) detection offer
high sensitivity, simple operation, and allow miniaturisation, which is
suitable for the mass production of sensors. Therefore, electrochemical
sensors are considered up-and-coming tools for sensitive, rapid and low-
cost monitoring of a wide range of analytes. In the field of sensors,
biosensors have been primarily explored; however, they present several
limitations. Biosensors are not suitable for on-field applications since the
biological receptors can be easily deactivated in the presence of poten-
tial inhibitors, poisoned by sample contaminations and limited to spe-
cific working conditions [17].

To overcome these challenges, molecularly imprinted polymers
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(MIP) represent the versatile, scalable, and cost-effective approach to
creating synthetic molecular receptors. MIPs are artificial receptors
containing recognition cavities highly specific to a target. These cavities
can be designed to bind to small ions and molecules specifically and
large ones as proteins. These polymers are generally stable in various
temperatures, pH, and pressure. They can also be applied in organic
solvents and are much more robust than their biological counterparts
(antibodies, enzymes etc.) [18,19]. In addition, ion-imprinting tech-
nology enables the formation of ion imprinted polymeric (IIP) films with
recognition sites for heavy metal ions using specific chelating functional
groups [20-24].

The IIPs can also be prepared by electropolymerization, which allows
for controlling the deposition and polymer nature efficiently. Moreover,
integrating IIP into screen-printed electrodes (SPE) results in portable
devices, enabling fast monitoring at the point of care testing, with high
performance and lower cost than lab-based analytical techniques.
Recently, amperometric sensors based on electrochemically imprinted
polymers have been developed in our group[25] for the monitoring of
heavy metals, e.g. Cu(I). These IIP films contain chelating functional
groups allowing metal complexation, such as amine (-NH2) and
carboxyl (-COOH). Herein, 4-aminophenylacetic acid (4-APA) was used
as a functional monomer for IIP preparation allowing selective deter-
mination of Cd (II) ions in water matrices. To our knowledge, this is the
first demonstration-using poly (4-APA) as an ion-imprinted polymeric
film employed as a sensor for heavy metal monitoring in water.

2. Materials and method
2.1. Chemicals

4-aminophenylacetic acid (4-APA), and cadmium nitrate tetrahy-
drate (98 %) were purchased from Merck (Milano, Italy). Glacial acetic
acid, sulphuric acid, and sodium hydroxide solutions were commercially
available as analytical reagent grade. Acetate buffer solution (0.05 mol
L™}, pH = 5) was prepared from glacial acetic acid brought to pH = 5
with NaOH. Elution processes were carried out in presence of 0.25 mol
L~! NaOH solution under stirring. Cd(II) ions stock solutions were pre-
pared in acetate buffer and diluted with the same buffer to give the
required concentration. MilliQ water was used for the polymeric film
wash after the electrochemical preparation and after elution processes.
All reagents were used without further purification.

2.2. Apparatus

Analytical experiments were carried out with a PalmSens potentio-
stat (Metrohm, Italy) controlled by PSTrace software. Disposable screen-
printed carbon electrodes (SPCE, DRP-150, Metrohm, Italy) were used
as transduction element for sensor development. They consisted in a
carbon disk-shaped (12.6 mmz) working electrode, platinum strip
counter electrode, and a paste of silver reference electrode on a ceramic
substrate (3.3 cm x 1.0 cm). A cable connector for SPEs has been con-
nected to the potentiostat.

2.3. Optimisation of sensor development

To determine the optimal conditions in sensor development, the use
of quadratic mathematical models in which several factors are consid-
ered with two or more levels has gained interest [26,27]. The experi-
mental design was based on a face centred composite design (FCCD from
Minitab software (version 18). Based on preliminary results, three in-
dependent variables with two levels were selected (Table S1): Cd(I)
concentration (2.1, 10.5 mmol L’l), number of CV scans (10, 40),
elution time (10, 60 min). FCCD matrix was designed with 8 cube points,
6 axial points, and 3 centre points in cube, to finally obtain 17 experi-
mental runs. Experimental runs were conducted randomly to minimise
the effect of unexpected variability on the observed responses. Three
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experiments were performed at the centre points for the estimation of
the variance. The response variable (Y) that was analysed was the
sensitivity of Cd(I)-IIP film for Cd(II) ions (in the range of concentration
between 10 and 640 nmol L) obtained from the logarithmic linearised
regression plots under the different experimental trials. The relationship
between the achieved current and the logarithmic scale of concentration
was evaluated by the Temkin isotherm adsorption (Section 3, Supple-
mentary material), which has been already applied in the field of IIP
sensors [28-31].

2.4. Sensor preparation

The procedure adopted for sensors preparation is described as shown
in Scheme 1. First, a bare SPCE was subjected to electrochemical con-
ditioning by cyclic voltammetry in redox probe solution of 10 mM
ferrocyanide/ferricyanide in 0.1 M KCl, at number of cycles until
reaching a steady state (at least 20 cycles). The electrode was then rinsed
with MilliQ. The polymerisation mixture composed by the presence of 4-
aminophenylacetic acid monomer and Cd(II) ions dissolved in sodium
acetate buffer solution (50 mmol L™}, pH= 5) was drop-casted on SPCE
surface. The CV was performed in the potential range between from —
0.2 to + 1.2 V (vs Ag/AgCl), at scan rate of 50 V s%, potential step of 5
mV.

After the electropolymerisation, the modified electrode (unwashed
Cd(II)-IIP film) was rinsed for few minutes with MilliQ to remove
unreacted monomers from the electrode surface and then dipped in the
template removal solution (NaOH 0.25 mol L~1) for variable minutes
(see Section 2.3 for further information). An alkaline media was chosen
to avoid degradation of polymerised aniline films [32] and possibly
permitted the elution of Cd(II) in solution. The same protocol was
adopted for not imprinted polymer (NIP) preparation, without adding
Cd(I) ions in the polymerisation mixture. All experiments were per-
formed at room temperature. A schematic diagram of the electrosyn-
thesis process and target interactions is also illustrated and discussed in
SM (Scheme S1).

2.5. Characterisation of developed sensors

The optimised CA(II)-IIPs film and NIP film were characterised by
SEM, and ATR-FTIR. Spectra were acquired in the 800-4000 cm ™! range
with a resolution of 4 cm™! and by accumulating 64 scans. The
morphology of the imprinted and not imprinted films vs bare electrodes
was evaluated by SEM analysis. Samples were applied to carbon sticky
tabs mounted on 12.5 mm aluminium SEM stubs (Agar Scientific Ltd)
and coated with gold/palladium in a Quorum Q150 TES coating unit.
The samples were viewed on a Hitachi S3000H Scanning Electron Mi-
croscope with an accelerating voltage of 10 kV. FT-IR analysis was
performed using an Alpha platinum-ATR FTIR spectrometer (Bruker,
UK).

2.5.1. Electrochemical characterisation

CV and Electrochemical impedance spectroscopy (EIS) analysis were
used to characterise the polymeric films. CV measurements were
recorded in a ferrocyanide solution (0.1 mol L™ KCl, 0.01 mol L™?
Fe(CN)g'/ 4’), and also in a solution of acetate buffer solutions
(50 mmol L™}, pH = 5). Voltammograms were also recorded in the po-
tential range from - 0.5 to + 0.5V (vs Ag/AgCl), the scan rate of
50 mV s}, and 20 cycles. EIS analysis were accomplished in the fre-
quency range from 0.01 Hz to 100 KHz in 0.1 mol L~ KCl solution
containing 0.01 mol L™! Fe(CN)Z”*" as the redox probe, at AC amplitude
of 10 mV, Eg4. of + 0.2 V. The impedance spectra were fitted and inter-
preted by Randle’s equivalent circuit, as shown from Fig. S1. EIS and CV
were applied to study differences between bare SPCE, after modification
with ion imprinted polymeric film and not imprinted polymeric film,
and after wash treatments. The facial properties of modified electrodes
surface were measured by means of the electron transfer resistance (Ret)
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Scheme 1. Scheme of CA(ID)-IIP films preparation. The same protocol was adopted for NIP films preparation without adding Cd(Il) ions in the polymerisa-

tion mixture.

and compared during EIS characterisation studies.

2.6. Cd(ID) ion sensing and binding isotherms

The prepared Cd(ID)-IIP film and NIP film was tested for determina-
tion of Cd(II) ions in sodium acetate buffer (50 mmol L’l, pH=5.0). CV
was used to evaluate the analytical performances of sensors. For that, Cd
(ID) solutions were measured by drop casting for 10 min. Subsequently,
electrodes were rinsed with MilliQ water, and 20 CV cycles were
measured in 50 mM sodium acetate buffer solution (blank). After each
tested concentration, sensors were incubated for 3 min with 0.25 M
NaOH solution for metal removal. The protocol was followed, and
different concentration of Cd(II) ions were measured. The experimental
data for CA(II)-IIP films and NIP films were fitted by Temkin isotherm
model [33,34] to assess the adsorption dynamics and calibration curves
(more information available in Section 3, SM). Calibration plots were
thus obtained by plotting the Ai (uA) vs log[Cd(II)] ions (nmol L’l),
according to the following relationship:

Ai = B xlogK + B x log|[Cd(II)] (€8]

In Eq.1, “B” is constant, “Ai” is the CV current oxidation peak
recorded at + 0.1 V after exposure to tested Cd(II) concentration.
Therefore, a calibration plot can be obtained by plotting the current
change “Ai“(uA) against the logarithmic of the Cd(II) concentration.

2.7. Sample analysis

In order to investigate the promised application of our sensor to se-
lective monitor Cd(Il) ions in real matrices, water sample analysis was
conducted, including a commercial drinking water (pH = 7.7), tap water
(pH= 7) and marine water (pH= 8). Prior to analysis, the water samples
were buffered at pH 5 (1:10 sodium acetate buffer), this was used as a
blank. The obtained solutions were allowed to rotate under stirring for
2 h. Therefore, water samples were spiked with (0.5 mmol L_l) Cd(n
ions to obtain a series of dilutions from 10 to 640 nmol L™!. Finally,
100 pL of spiked samples were drop casted on Cd(II)-IIP film sensor to
obtain a calibration curve.

3. Results and discussion
3.1. Optimisation of sensor performances

Several factors are important effect on the ion recognition properties
of IIPs: (i) ratio between monomer concentration and template con-
centration, (ii) number of CV scans during electropolymerisation, and
(iii) elution time during cavities formation. To determine the best con-
centration ratio between the monomer and the ion template, the Cd(II)-

IIP film was grown in solution of fixed concentration of 4-APA
(2.1 mmol L) and varying concentration of Cd(II) ions. The sensitiv-
ities of CA(ID-IIP films were collected in the range of concentration
between 10 and 640 nmol L™!. The report of the experimental runs and
the sensitivity for each developed sensor is shown in Table S2.

Subsequently, the response surface regression was calculated,
considering the significant factors affecting the sensitivity. Thus, con-
centration of Cd(II) ions, CV cycles during electropolymerization and
elution time were considered. Standardised effects on the sensitivity
were presented in the Pareto Chart as shown Fig. S2. Pareto chart
demonstrated that CV scan cycles and Cd(II) concentration are the
remarkably significant factors affecting the sensitivities of Cd(II)-IIP
films. Possibly, because the amount of the imprinted sites in polymeric
films increases with the increase of the thickness. Nevertheless, thick
imprinted films can lead to slow diffusion of ions, leading to inefficient
communication with the transducer. The effect of concentration of Cd
(I) ions, CV cycles and elution time in the sensor response was repre-
sented in Fig. S3. It is observed that increasing the concentration of Cd
(II) into the polymerisation mixture had a positive effect on sensor
sensitivities up to the Cd(II) concentration of 6.3 mM (ratio 1:3 mono-
mer/template). Also, the increase in the number of the cycles led to a
significant increase in sensor sensitivity up to 25 cycles, nonetheless a
diminishing value was observed after 25 cycles. Additionally, it was
observed a linear rise of the sensor response with increased elution time,
due to the ability of the eluent to leach the Cd(II) ions from the polymer
structure. The determination coefficient (R>=91%) confirmed that the
model was well fitted to the experimental data with high confidence
(Table S3). Therefore, these optimised parameters were employed, with
the goal to maximise the sensor sensitivities. The optimisation plot
(Fig. S4) revealed the optimum conditions to be employed during sensor
synthesis, which were 6.3 mM for Cd(Il) concentration, 26 of CV scans
during the electrosynthesis, and 60 min to elute Cd(II) ions from the
imprinted network.

3.2. Sensor preparation

The electrochemical sensor was prepared by the electro-
polymerisation of 4-APA on SPCE in presence of Cd(II) ions by cyclic
voltammetry, as shown in Fig. 1 A. An oxidation peak at 0.83 V can be
observed during the first potential cycle, which is related to the oxida-
tion of monomer to form cation radicals, which promote the polymeri-
sation reaction. In the reverse scan, two peaks can be observed at
+0.08 V and + 0.263 V, respectively, indicating the reduction of the
polymeric film. During the second cycle, oxidation peaks of deposited
film on the electrode can be observed at + 0.137 V and + 0.434 V (vs
Ag/AgCl). In the following scans, a current decrease of the oxidation
peak of the monomer is observed, confirming the polymer film
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Fig. 1. (A) Cyclic voltammetry of growing of 4-APA monomer (2.1 mmol L Y in presence of Cd(II) ions (6.3 mmol L Y in H,S04 solution (0.5 mol L’l, pH =5).
Parameters: — 0.2-1.2 V potential range, 5 mV of potential step, scan rate of 50 mV s 1, 26 CV scans number. (B) CV measurement performed in acetate buffer
(50 mM, pH= 5) for NIP film and CA(ID)-IIP film after the wash treatment in 0.25 M NaOH.

deposition on the electrode. The electropolymerisation process of NIP
films (data not shown) was quite similar. Therefore, the prepared Cd(I)-
IIP and NIP films were exposed to 100 L of NaOH for 60 min, to
perform both elution of target from the imprinted polymer and to
remove unreacted monomers. Fig. 1B shows the remained electro-
activity of the polymeric films after the wash treatment, that might be
arise from the own electroactive properties of the obtained polymers,
which can be compared to that of electrically conducting polyanilines
[35,36]. The adopted wash procedure was able in freeing specific
binding sites with reduced damage.

The characterisation of bare SPCE, CA(I)-IIP film/SPCE and NIP
film/SPCE before and after washing treatments was performed by ana-
lysing the electrochemical response to the redox probe Fe(CN)Z”# by
using CV and EIS measurements. Fig. 2A shows the CA(ID)-IIP film
deposited on the surface of bare SPCE. After electrode modification, the
Fe(CN)g'/ 4 electron transfer is hindered, revealing a significant decrease
of peak currents. This can be attributed to the effect of a polymer film of
low permeability on electrode surface. After treatment with an alkaline
elution, Cd (II) were removed. As a consequence, the current response of
washed CdA(II)-IIP film was increased, the removal of metal ions creates
imprinted cavities on polymer network, which leads to increasing the
permeability of the membrane. Therefore, the higher permeability of the
film increases the diffusion of the redox probe in solution, and conse-
quently the charge transfer increases; this is known as the gate effect. As
expected, NIP films showed a lower recovery of the current after metal
removal compared to Cd (II)-IIP film, since the polymer film perme-
ability is not affected. Additionally, EIS measurements agreed with those
of the CVs.

Fig. 2 B shows the Nyquist plot obtained for Cd(ID)-IIP film and NIP
film before and after washing with the alkaline elution, respectively. The
EIS results were analysed using a fitted Randles equivalent circuit

(Fig. S1).

Before the electropolymerization, the Ret value of bare SPCE was
3284 Q. Afterwards, an increased resistance can be observed after the
electrosynthesis of Cd(ID-IIP film (3.09 x10° Q) and NIP film
(2.64 x10° Q), confirming the modification of electrodes. The increase
of resistance was more significant in Cd(II)-IIP film, indicating the metal
complexation in the polymer network. The removal of the metal leads to
the creation of cavities, leading into a permeable membrane. After
washing treatment, the R significantly decreased for CA(II)-IIP film
(9397 Q) confirming the successfully removal of Cd(II), resulting in an
increasing of the redox probe permeation. These changes are not
observed for NIP films (2.98 x10* Q).

3.2.1. SEM analysis

The different topography of bare and modified SPCEs are shown in
Fig. S5. The bare electrode displays relatively smooth surface when
compared to the electrodes modified with the NIP film, keeping a similar
roughness or appearing a little rougher upon the washing treatment. The
Cd(ID-IIP film presents an irregular morphology with some flake-like
structures and aggregates. After washing, the topography became
rougher and flakes are more predominant, indicating an increase of
surface presumably due to the template extraction leading to a more
porous material.

3.2.2. ATR-FTIR characterisation of Cd(I)-IIP film and NIP film
Cd(ID-IIP film and NIP films were characterised by ATR-FTIR before
and after metal removal (Fig. S6). The structure of the poly 4-APA is
speculated to start at the amine group and disseminate at the para po-
sition [37]. The recognised mechanism was speculated to include first
the formation of a radical cation from 4-APA, after the generation of a
dimeric species by meta-coupling between the radical cation with either

B Fig. 2. (A) CV responses of (a) bare SPCE
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a non-oxidised monomer or another radical cation, enabling the prop-
agation of the polymerisation. The CA(II)-IIP film and NIP film presented
the same polymer structure characterised by the aromatic, amine and
carboxyl bands. The C=O stretching appears as a strong band in the
region between 1703 and 1650 cm™'. The band between 1600 and
1450 cm ! is related to C=C stretching from aromatic compounds [38].
Axial deformation of C=C from aromatic rings between 1550 and
1420 cm™! can be seen in all spectra, indicating that the polymers
aromaticity is preserved as previously reported [37,38]. N-H stretching
in the region at 3500 cm ™~ for the poly(4-APA), which is confirmed by
absorptions related to the N-H angular deformations in the region be-
tween 1640 and 1540 cm !. The N-H stretching at 3461 and at
3357 cm™! relative to the presence of amine, disappears in the poly
(4-APA) spectra. The band at 1150-870 em™! is related to the C-N-C
asymmetric axial deformation characteristic of secondary amines. The
main changes between the NIP and Cd(II)-IIP (no washed films) appear
in the C=0O0 stretching from the carboxylic acid, which plays the role of
ligand during the coordination reaction (Fig. S6A). Unwashed Cd(II)-IIP
film presented higher intensity and a shift from 30 cm™" to higher fre-
quencies, that can be attributed to a C—=0"Cd(II) bonding, indicating
the presence of the metal into the polymer. The spectra of the CA(II)-IIP
after washing treatment changes at the carboxyl bands. This band de-
creases in terms of the intensity by 2 % and the band shift at 14 cm™! to
lower frequencies, indicating the successful removal of the metal coor-
dinated (Fig. S6A). On the other hand, NIP film before and after wash
treatment, do not present any changes in the spectra, as expected
(Fig. S6B).

3.3. Analytical performances

The analytical performances of Cd(ID)-IIP film and NIP film sensors
were evaluated by the exposure to distinct Cd(II) ions concentrations
ranging from 10 to 1200 nmol L™! by CV measurements performed in
50 mM sodium acetate buffer solution. Fig. 3 depicts the CV measure-
ments recorded on CA(II)-IIP film and NIP film, respectively.

The current response for Cd(II)-IIP and NIP films can be explained as
the redox activity of polymers in the presence of the target ion, which
resulted in the presence of an anodic peak at + 0.1 V (vs Ag/AgCl), and a
cathodic peak at — 0.02 V (vs Ag/AgCl), respectively. A slight electro-
activity of the polymer is already evident before exposure, probably due
to the redox properties of the polyaniline-like structures present into the
polymer. It increases with Cd(II) concentration both for IIP and NIP,
possibly due to an increased electrochemical reversibility of the polymer
redox process at + 0.1 V (vs Ag/AgCl) [39]. The proper electroactivity
of the IIPs films permitted the monitoring of the electrochemical cur-
rents flow from the polymer and the electrode, avoiding the use of
external/internal redox probes. The comparison between NIP and IIP
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film also revealed the high sensitivity of CA(II)-IIP film due to the
presence of selective binding cavities which are also responsible to
achieve the higher permeability for CA(ID-IIP film than NIP film.
However, NIP film weakly interacts with Cd(II) ions through no specific
binding with the polymeric structure.

The experimental data for CA(II)-IIP and NIP film sensors were quite
well fitted by the Temkin isotherm model (Fig. 4 A). According to the
Temkin isotherm, it is assumed that the adsorption energy of Cd(II) ions
in the polymeric imprinted layer decreases linearly with the surface
coverage. Therefore, it was possible to calculate the dissociation con-
stants, Kd, of the CA(ID-TIP film and NIP film, which were 1.212 x 108
mol L™ and 3.554 x 108 mol L™! respectively, reflecting a tighter
binding (high affinity) of CA(II)-IIP films for its template. The sensitiv-
ities of CA(I)-IIP and NIP films sensors (Fig. 4B) were 1.280
+0.051 pA/log(nmol L7Y) and 0.255 + 0.045 pA/log(nmol L1,
respectively, that additionally confirm the high sensitivity properties of
imprinted film. In fact, the imprinted factor of 5.01 confirmed the
goodness of the imprinting process. The limit of detection, LOD, calcu-
lated as 3 s/m where s was the standard deviation of the intercept and m
is the slope of the regression plot, was 1.71 nmol L™,

The analytical performances of Cd(II)-IIP films are compared
(Table 1) with other reports including electrochemical sensors based on
imprinted polymers as the sensitive receptor for Cd(II) ion sensing. The
advantages in producing electropolymerised IIP directly onto electrode
surface are here denoted in the higher sensitivities and the practical
working range of concentration of our produced sensors. Moreover, the
proposed sensor preparation does not need any additional functionali-
sation or activation of electrode surfaces. Finally, the electrosynthesis of
IIPs can be more convenient than traditional methods, due to the ability
to control the polymerisation process, in term of the thickness of films
and the distribution of imprinted layers on electrode surfaces.

3.4. Selectivity, reproducibility, and stability tests

Selectivity, reproducibility, and stability are crucial properties for
the successfully application of electrochemical sensors to real environ-
mental matrices. In this work, interferences from other metal ions such
as Pb(Il), Zn(II), Cu(Il), Co(Il), Cr(IlI), Mn(II), Ni(II), and Ag(I) were
investigated. (Fig. 4 C, Fig. S8). As can be seen, the CA(II)-IIP film sensor
exhibited a very selective response to its target (Cd(II) ions), being the
response to interferent metal ions quite lower. Selectivity does not seems
to be related to ion size as the current response of ions smaller than Cd
(II) (ionic radius 95 pm) like Ni(II) (ionic radius 83 pm), Cu(I) (91 pm),
Zn(II) (74 pm), Mn(II) (67 pm) Co(II) (79 pm), Cr(IIl) (61.5 pm) and
larger Ag(I) (115 pm), Pb(II) (119 pm) is lower. Stability and repro-
ducibility of CA(II)-IIP sensors were investigated by the measurement of
CV response to 320 nmol L7Lof Cd(II) ions dissolved into the acetate

B

51 1200 nmol L

Current (uA)
e

-104

06 04 02 00 02 04 06 08
Potential (V)

Fig. 3. CV performed for (A) NIP film and (B) Cd(II)-IIP film in sodium acetate buffer (blank, 0) and after exposure to 10, 20, 40, 80, 160, 320, 640, 1200 nmol L 'of
Cd(1D) ions dissolved in 50 mM sodium acetate buffer. Parameters: CV scan for — 0.5 V to + 0.8 V, potential step of 30 mV, scan rate of 350 mV s71, 20 cycles per

tested concentration.
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Fig. 4. (A) Temkin isotherm calibration curves and (B) related linear regression plots for NIP film and Cd(ID)-IIP film exposed to increased concentration of Cd(I)

ions dissolved in 50 mM sodium acetate buffer. (C) Selectivity studies on Cd(II)-
L7 (n=19).

IIP film towards potential interfering ions at the concentration of 320 nmol

Table 1
Recent reports on ion imprinted polymers for Cd(II) determination in water.
Sensor Monomers in the polymerisation mixture =~ Method of synthesis Working linear range (mol L") Limit of detection Reference
(mol L1

CS-N-tGO/GCE  Chitosan, One-step deposition method 1.0x10%-1.0 x 1077 3.51 x 107 [40]
N-rGO (chronoamperometry)
Sodium tripolyphosphate

1IP/rGO-CR Polyethylenediamine; methylacrylicacid ~ UV light-initiated 8.68 x 107 -8.68 x 1077 3.6 x107° [41]

copolymerisation
CS/Si0y/ VTEO Precipitation polymerisation 1x10°-1x10"° 1.43 x 10°1° [42]
AuNPs/CPE EGDMA

MAA

1IP/CPE Quinaldic acid, Precipitation polymerisation 1.0 x 107°-5.0 x 1077 57 x 10710 [43]
4-vynil pyridine,
2,2'-azobisisobutyronitrile,
EGDMA

1IP/CPE 4-vynil pyridine Sol-gel polymerisation 9.0 x107'1-25x10®and 2.5 x 107~ 1.6 x 107 [44]
Organosilane 3- 6.0 x 1078
mercaptopropyltrimethoxylane
AIBN
TMSPM

CA(ID-IIP film/  4-aminophenylacetic acid Electropolymerisation 1.0x10%-1.2x107° 1.71 x 107° This work

SPCE

CPE: carbon paste electrode; CR: chemoresistor; CS: chitosan; EGDMA: ethylene glyco
reduced graphene oxide.

buffer solution (pH = 5). To explore the working life (stability) of the
sensor, a fresh CA(ID)-IIP film was prepared and consecutive measure-
ments were carried out over the time of 180 min. The relative standard
deviation (RSD) was about 4.9 % for seven successive measurements,
indicating an acceptable stability of the sensor for a daily measurement.
The (interelectrode) reproducibility of the sensor was investigated by
preparing five sensors and comparing the current response from each
sensors after the exposure to 160 nmol L~! of Cd(ID) ions (Fig. S7). The
RSD of the current response obtained for the electrodes was 5.6 %.

1 dimethacrylate; GCE: glassy carbon electrode; AuNPs: gold nanoparticles; rGO:

3.5. Validation tests on spiked water matrices

To investigate the practical application of CA(II)-IIP film, detection of
Cd(II) ions in spiked water matrices, such as marine water, tap water,
and commercial drinking water was carried out. Table 2 indicate the
recovery percentage of Cd(II) ion in those samples.

The recovery percentage of Cd(II) ion was found to be between 98 %
and 106 %, indicating a promising application of the sensor from
different complex real matrices monitoring, confirming the use of the
proposed sensors for rapid and inexpensive point-of-use identification of
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Table 2
Recovery studies on spiked water samples.

Sample Added value (nM) Found value (nM) Recovery (%)
Drinking water 10 10.63 £+ 0.05 106.3
20 19.73 £ 0.01 98.6
Tap water 10 9.99 + 0.008 99.9
Marine water™ 10 10.51 £+ 0.02 105

" Marine water sample did not contain Cd, as analysed by ICP-MS (LOD=
0.9 nM).

Cd(II) in complex matrices.
4. Conclusions

This study reported an electrochemical sensor for Cd(II) ions in water
matrices based on ion-imprinted polymer film as a selective receptor.
The imprinted process was carried out using an electrochemical tech-
nique, leading to the preparation of imprinted films on the transduction
element. The optimisation performed by experimental design allowed
the optimisation of sensitive, selective, reproducible and stable sensors
for Cd(II) ions in water matrices. Successful determinations by devel-
oped sensors in real water matrix candidate them for environmental
monitoring of Cd(II) ions in water with high sensitivity and selectivity.
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