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Abstract

In this paper, we investigate the effect of electrochemical treatment on the surface of low-
cost and disposable devices (microchips) containing gold microelectrode arrays (Au-uE).
This procedure involved the electrode anodization to generate nanoporous gold structures
(NPAu-UE), which contributed to 4.4-fold increase in the electroactive area and decrease
in the resistance to charge transfer. Energy-dispersive X-ray spectra revealed the
formation of gold oxide nanostructures. The electrochemical response of these sensors
was properly compared using dipyrone (DIP) and lead (1) as target species, and for both
analytes, enhanced analytical performances were obtained under the treated surface
(sensitivity increased from 3.3 to 6-times). A batch-injection analysis with amperometric
detection was proposed for DIP that provided a detection limit of 0.57 pumol L2, precision
of 4.0%, wide linear range (1.0-200.0 umol L™1), high analytical frequency (148 analyses
per hour) and satisfactory application in pharmaceutical samples. Moreover, the NPAu-
UE sensor proved to be suitable for Pb?" evaluation by square-wave anodic stripping
voltammetry, with an excellent analytical performance achieved, including a detection
limit of 5.0 pg L™ (24 nmol L) linear range from 40.0 to 110.0 pug L™, and good

precision (RSD = 4.3 %), which enabled the analysis of tap water samples.

Keywords: Microchips; Gold microelectrodes array; Gold nanoporous; Electrochemical

treatment surface; Dipyrone; Lead (11).

Siqueira, Gilvana P. (2022)
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1. Introduction

Gold based electrodes have been attractive material for their wide application in
manufacture of electrochemical (bio)sensors, catalysis and energy conversion/storage
systems®. Additionally, gold is one of the most used material for the production of
microelectrodes (MES)'?. UEs, electrodes with dimension less than 100 pm (this at low
scan rate) have some advantages over macroelectrodes, such as small size, high current
density, improved mass-transport rate and reduced ohmic resistance in the
electrochemical measurements, favoring the operation by a simple two-electrode system.
This behavior is a result of the radial diffusion dominance, which generates a sigmoid
voltammetric curve in the experiment. Nevertheless, JEs have a low faradaic current
signal, which can limit the detection of many electrochemical species®.

To overcome this problem, microelectrodes arrays (LEAS) have been regarded as
promising alternative to a single YUE, because they produce higher current intensity and
keep the advantages of a single pE. In fact, in HEAs, each UE operates individually and
contributes to the total measured current. Moreover, if the pEs are very close in the array,
they act as macroelectrodes by reason of the adjacent diffusion zones can overlap/interact
and improving the contribution of planar diffusion®?. Further, the combination of their
ultrasmall dimensions and electrochemical properties enables the monitoring chemical
species in microenvironments (cells, neurons, etc.) in different science fields®.

One of the commonest materials used in the fabrication of YUEAs is gold.
Generally, these electrodes are activated by polishing®; however, electrode surface
renewal by this procedure can readily damage the thin layer and induce a heterogeneous
surface. Currently, electrochemical activations were proposed in order to achieve a

reproducible signal®>2. It has been reported that the activation generates nanoporous gold

Siqueira, Gilvana P. (2022)
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films (NPGFs), providing a higher surface area and enhanced electroactivity properties
when compared to gold electrodes which induce to a better electron transport.

The anodization of gold in oxalate solution to create nanoporous black film has
been reported °; NPGFs have also been prepared using HCI medium?® and reducing agent®.
Jian et al. showed the As(111) detection using NPGFs prepared with ZnCl in ionic-liquid
medium?®. The synthesis of NPGFs was proposed by dealloying of a silver/gold for the
catalytic reduction of oxygen and hydrogen peroxide!. Even though these procedures are
widely reported, the manipulation of dangerous chemicals and the long time required
make these methods less feasible?.

In this sense, Sukeri and collaborators'? reported a green approach based on
anodization followed by electrochemical reduction without the presence of binary alloys
or reducing agents for the formation of NPGFs. Additionally, it was showed the
electrocatalytic activity for dissolved oxygen reduction at a low overpotential, using
NPGFs as working electrode. After that, the same group showed the application of the
sensor for the determination of As(lll) in acid medium using square-wave anodic
stripping voltammetry (SWASV)®,

Surface mounted device (SMD) is an important electronic device employed by
technology industry due to simplicity, ultrasmall dimensions and higher mechanical
resistance. Recently, some works have highlighted the development of low-cost sensors
using SMD for detection of different analytes”**7, In this context, we propose the use
of an SMD as a low-cost source of gold microelectrodes arrays and investigated the
surface treatment effect on the electrochemical detection of organic and inorganic species.
As proofs-of-concept, the SMD was assembled within a 3D-printed cell to perform the
batch-injection analysis coupled with amperometric detection (BIA-AD) of dipyrone

(DIP) and SWASYV determination of lead(ll).

Siqueira, Gilvana P. (2022)
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2. Material and Methods

2.1 Reagents, Chemical, and Samples

All solutions were prepared using high purity deionized water with resistivity at
least than 18 MQ cm, obtained from a Milli Q water purification system (Millipore,
Bedford, MA, USA). All reagents were of analytical grade and used without further
purification. Sulfuric and acetic acids (98% wi/v) were obtained from Vetec (Rio de
Janeiro, Brazil). Analytical standard of DIP was obtained from Sigma-Aldrich
(Darmstadt, Germany), phosphoric acid (85% w/v) and ferricyanide potassium were
obtained from Labsynth (Sdo Paulo, Brazil) and boric acid (99.8% w/w) was obtained
from AppliChem Panreac (Barcelona, Spain).

The Britton-Robinson (BR) buffer (0.12 mol L™) was used as the supporting
electrolyte for all electrochemical measurements involving DIP. This solution was
composed of a mixture of 0.04 mol L™ acetic, boric acid and phosphoric acids. The
adjustment of pH values in the range of 2.0 to 9.0 was performed using NaOH solution
(1.0 mol L™).

The standard solution of lead(Il) was purchased from SpecSol (Brazil). Stock
solutions of lead (Il) were freshly prepared just before experiments by dilution in an
appropriate supporting electrolyte (0.10 mol L™ acetate buffer, pH = 4.5), as previous
works described in the literature 8.2,

Pharmaceutical samples (tablets) were acquired in a local drugstore. In the sample
preparation step, tablets were weighed and crushed to a fine and homogeneous powder.
After that, 10 mg of this material was dissolved in the supporting electrolyte. Tap water
samples were collected using plastic centrifuge tubes. These samples were spiked with

500.0 pg L™t Pb?*, diluted (10-fold) in supporting electrolyte and immediately analyzed.

Siqueira, Gilvana P. (2022)
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2.2. Instrumentation and electrochemical measurements

All electrochemical measurements were performed using a u-AUTOLAB type 11
or a PGSTAT 128 N potentiostat/galvanostat (Metrohm Autolab BV, Utrecht, the
Netherlands) connected to a microcomputer, controlled by NOVA 2.1.4 software, at room
temperature in the presence of dissolved oxygen.

For DIP analysis, a 3D-printed BIA electrochemical cell was used, as described
by Cardoso et al.?°, employing acrylonitrile butadiene styrene (ABS) filament. This cell
has a rounded cell cover in which are positioned the counter (platinum wire) and reference
electrodes (Ag|AgCI|IKClsat)) as well as the electronic micropipette (Multipette®
Eppendorf stream) connected with a micropipette tip (Multipette® Combitip — 1mL).
This system was placed in the cell in order to keep a distance of around 2 mm from the
working electrode placed at the bottom of the cell in wall jet configuration. The
micropipette has the key function in the BIA system that is the injection of DIP standard
solutions or samples (precise and constant volumes and dispensing rates). A rubber O-
ring was used to prevent leakage of the system making available all microelectrodes for
electroanalysis. SWASV determination of Pb?* was also accomplished using the 3D-
printed electrochemical cell (internal volume of 10 mL) but without the micropipette
required for BIA.

The elemental analysis of the electrode surfaces was carried out by Energy
Dispersive X-rays (EDX) technique using an INCA X-Act (Oxford Instruments,
Abingdon, UK) detector.

Electrochemical Impedance Spectroscopy (EIS) measurements were performed
using the frequency range between 10 Hz to 50 kHz with signal amplitude of 10 mV,
using to the 10.0 mmol L™ [Fe(CN)s]*~*~ redox reaction in the presence of 1.0 mol L™

KCI solution, estimating impedance total (|Z|) through Bode plot.
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2.3 Preparation of nanopourous gold microelectrode array platforms

The gold microelectrode arrays (Au-gE) were prepared from SMD microchips
(Model:74HC244 990FW VW MYS 99 542, DigiKey Electronics®, Canada) which
present gold microwires to connect the active part of the integrated circuit to the external
terminals of a semiconductor®®’,

Briefly, the fabrication of the Au-pE consists in the removal of the polymeric
material from the top face of the microchip. For this, the device surface was successively
polished using different sandpaper (400, 600 and 1500 grit, respectively), until the gold
microwires were available. Figure S1 shows an image of the SMD chip (dimension 1.3
cm x 0.9 cm) used in this work, which contains an array composed of 20 gold
microelectrodes. The cleaning of the Au-uE surface was performed by mechanical
polishing with sandpaper (1500 Grit, 3M) moistened with deionized water, followed by
successive washings. Afterwards, the device was fixed to a conductive plate (3.5 cm X
1.0 cm) with the aid of an adhesive tape and inserted in the electrochemical cell. Then, an
electrochemical cleaning was performed using H2SO4 solution (0.50 mol L) by cyclic
voltammetry (CV) performing 15 successive scans in the potential range of 0.0 to +1.6 V
with scan rate of 100 mV s,

The nanoporous gold microelectrode array (NPAu-pE) was prepared in H2SO4
solution (0.50 mol L) using a procedure described by Sukeri and colleagues *?, which
consists of three electrochemical steps: (i) linear sweep voltammetry (LSV) with potential
ranging of 0.0 to +2.0 V (vs. Ag|AgCI|KClsat)) and scan rate of 20 mV s™2, (ii) constant
potential aplieding of +2.0 V (vs. Ag|AgCI|KClsat)) for 600 s, and (iii) LSV with potential

ranging of +2.0 t0 0.0 V (vs. Ag|AgCI|KClsat)) and scan rate of 20 mV s,
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3. Results and discussion

3.1 Surface characterization of Au-yuE and NPAu-pE

Gold based electrodes have been reported for the fabrication of electrochemical
sensors towards many applications. To improve the electroactive area and sensitivity,
various works explored different procedures to create nano or micro porous at the gold
surface. Herein, the electrode was submitted to an electrochemical procedure to generated
a nanopourous gold film according to a procedure reported by Sukeri et al *? that
demonstrated this protocol using a conventional gold disc-electrode.

Firstly, the surface of Au-uE and NPAu-pUE were characterized by cyclic
voltammograms in the potential range from 0.0 to +1.6 V in H2SO4 solution (0.50 mol
L-1) (Figure 1A). As can be seen, the peaks at +1.19 V (vs. Ag|AgCI|KClsa)) and +1.37
V (vs. Ag|AgCI|KClsat)) are attributed to the formation of gold oxides, and the reduction
peak at +0.9 V (vs. Ag|AgCI|KClesat)) for NPAu-pE confirm the presence of gold
structures on its surface as noticed by other authors in the formation of NPAu!2%, As
expected, an improvement of the reduction current values of approximately 4.4-fold for
NPAu-pE in relation to Au-yuE was achieved. Moreover, the electroactive surface areas
were estimated based on the gold oxide reduction peak, determined by integration, which
is proportional to the real active surface area of the gold surface. The values obtained
were 0.65 and 2.18 cm?, for Au-pE and NPAu-LE, respectively (3.4-fold increase in
electrochemical surface area).

According to the Bode plots, made by EIS measurements, shown in Figure S2, the
impedances using NPAu-pE decrease substantially when compared to Au-pE. This
behavior is attributed to the reduction of the double-layer impedance, induced by increase
in the electrochemical surface area of the NPAu-uE?. Thus, due to their larger area, an

electrocatalytic activity of the gold nanostructures is expected*222, In order to confirm the
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structural changes on the electrode surface, the elemental analysis of both surfaces was
carried out by EDX (Figures 1B and 1C). According to the results, the formation of gold
oxides in NPAu-UE is confirmed by the presence of elemental oxygen, even after gold
reduction with linear sweep voltammetry.

It is important to highlight that the potential of +2.0 V (vs. Ag|AgCI|KCl(sat))
was chosen because at this region the oxygen evolution starts, thus suitable to create
porous structures on the gold surface. According to Jaramarillo and collaborators®?, if
more positive potentials are applied, more oxygen bubbles can be generated on the

electrode surface which may affect the stability of the nanoporous film.
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Figure 1. (A) Cyclic voltammograms of Au-pE (black line) and NPAu-pE (red line) in
the supporting electrolyte 0.50 mol L™ H,SO4 (scan rate: 100 mV s!; step potential: 5
mV). EDX spectra of (B) Au-pE and (C) NPAu-LE.

3.2 Electrochemical behavior of DIP using Au-pE and NPAu-UE

DIP was selected to be evaluated by Au-yE and NPAu-UE because it is one of the
most consumed drugs in Brazil especially during the pandemic to treat fever caused by
COVID-19. The electrochemical behavior of DIP was investigated on both electrodes by
CV. For this, cyclic voltammograms were performed using DIP concentration (0.50 mmol
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L 1) in BR buffer (0.12 mol L™, pH 2.0), as shown in Figure 2. On the Au-pE, an
oxidation signal with low intensity at around +0.57 V (vs. Ag|AgCI|KClsat)) was observed
(Figure 2A), while on NPAu-pE, a well-defined signal at around +0.59 V (vs.
Ag|AgCI|KClsat)) with an increase in current of 3.8-fold was verified. Probably, the
improvement in the current response occurred by the porous gold nanostructures
generated after the surface treatment. In this sense, NPAu-lE was selected for other

studies involving DIP.

0.4 0.4

(A) (B)

17 oA

O.IO . 0:2 ) 0?4 . 0:6 ) 0:8 . 1.0 0.0 . 072 . 0:4 ' O.IG . 0:8 . 1.0
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(sat.) (sat.)

Figure 2. Cyclic voltammograms of 0.50 mmol L™ DIP using (A) Au-UE and (B) NPAU-
ME as working electrode The dashed lines refer the blank signals. The supporting
electrolyte was BR buffer (0.12 mol L™!; pH = 2.0). Scan rate: 50 mV s2, step potential:
SmV.

Next, the pH influence on the electrochemical response of DIP (0.50 mmol L™%)
was evaluated using BR buffer solution (0.12 mol L) with pH values in the range from
2.0 to 9.0 by LSV (Figure 3A). It can be seen in Figure 3B (Ep vs. pH) that the DIP
oxidation process is pH-dependent, where a slope value (0.039 V pH™) suggests that in
the DIP oxidation reaction involves a the one proton and two electron ratio which is in

agreement with other works reported in the literature for DIP oxidation 2324
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Figure 3. (A) Baseline-treated LSV response for 0.50 mmol L= DIP in 0.12 mol L™ BR
buffer solution (pH= 2.0 to 9.0) and (B) Correlation of current values (l,) for different pH
and potential peak values (Ep) using the NPAu-UE electrode. LSV conditions: scan rate
of 50 mV s%; step potential of 5 mV.

It is worth highlighting that higher peak current value for DIP detection at NPAu-
UE was achieved when 0.12 mol L™ BR buffer solution (pH 2.0) was used. In order to
obtain enhanced electrochemical results, 0.10 mol L™* of HCI, HCIO4, and H3PO4 were
also checked (Figure S3). However, better performance (peak shape and current intensity)
was obtained with a 0.12 mol L™! BR buffer (pH = 2.0) and, thus this solution was used
in subsequent studies.

The investigation of the DIP oxidation process over NPAu-UE was also performed
by CV using different scan rates (25-500 mV s™1), in a BR buffer solution (0.12 mol L™,
pH 2.0) and 0.50 mmol L™ of DIP, as shown in Figure S4A. The plot data between the
oxidation current versus square root of the scan rate (Figure S4B) showed a linear
relationship (R = 0.999), indicating that its electro-oxidation process was predominantly

controlled by diffusion of DIP species from the bulk to the NPAu-UE surface.
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3.3 Determination of DIP by BIA-AD system

To evaluate the analytical performance of NPAu-pE for DIP quantification, the
BIA-AD system was selected, as it provides adequate features for routine analysis, such
as high analytical frequency, lower consumption of reagents and samples, and portability
25 In order to obtain better sensitivity, precision and selectivity, some parameters related
to BIA-AD, such as the applied potential (+0.3 to +1.0 V), injection volume (Vinj ,50 to
300 pL) and dispensing rate (Rais, 17 to 299 pL s™1), were carefully investigated. In these
studies, all measurements were performed in triplicate (n = 3) using 50.0 umol L™ DIP.
The influence of each parameter on the electrochemical response of the DIP is shown in
Figure S5, and the optimized values are described in Table S1.

Under the selected parameters, analytical curves were prepared with increasing
and decreasing DIP concentrations in the range from 1.0 to 200.0 pmol L™ to investigate
linear range and memory effect after successive injections of DIP standard solutions
(Figure 4A). Correlation coefficient values (0.999 and 0.998) in ascending and
descending concentration orders demonstrate good linearity, while similar slopes (0.962
and 0.965 pmol™ L nA) indicate absence of memory effect on NPAu-UE surface. The
same evaluation was carried out using Au-UE as working electrode, where a linear range
of 5.0 to 200.0 umol L~! was obtained, as shown in supplementary material (Figure S6).

The limit of detection (LOD) was calculated according to International Union of
Pure and Applied Chemistry (IUPAC), where LOD = 3.3sB/S (sB is the standard
deviation of the intercept and S is the slope of the calibration curve). The calculated values
were 5.0 and 0.57 umol L~ using untreated (Au-pE) and treated (NPAu-UE) surfaces,
respectively. Figure 4B shows the data of analytical curves using both sensors, and it is

possible to note that over NPAu-UE a greater sensitivity was achieved, due to the larger
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active area. In fact, better figures of merit (LOD, linear range and sensitivity) were

observed using NPAuU-UE. These results agree with the preliminary observations by CV.
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Figure 4. (A) Baseline-corrected amperograms of successive injections (n = 3) of DIP
standard solution (a-j: 1.0 to 200.0 pmol L) in increasing and decreasing concentrations,
using the NPAu-UE as working electrode, and (B) Comparison between calibration
curves of DIP in the NPAuU-pE (red line) and Au-UE (black line). BIA-AD conditions:
Applied potential = +0.7 V; supporting electrolyte: 0.12 mol L™ BR buffer (pH = 2.0);
Vinj = 200 L, Rais = 227 pL s,

In order to assess the precision of the method using NPAu-UE, a repeatability
study (n = 15) was performed for two concentration levels (50.0 and 100.0 pmol L) (see
Figure S7). The relative standard deviations (RSD) were 3.6 and 3.9% for low and high
levels, respectively, which attested a good precision and stability of the nanoporous film.
The analytical frequency was estimated as 148 analyses per hour. Table 1 summarizes the
analytical features obtained for the determination of DIP using both sensors by BIA-AD

system.
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Table 1. Analytical features obtained for DIP using Au-uE and NPAuU-UE sensors by
BIA-AD system.

Analytical Parameters Au-uE NPAu-pUE
Linear range / umol L™ 5.0 - 200.0 1.0 - 200.0
R 0.9997/0.998™ 0.9997/0.998™
Intercept / nA 1.047/1.93"  3.367/2.34™
Slope / umol 1L nA 0.2907/0.286™ 0.962°/0.965™
LOD / umol L™t 5.00 0.57
RSD (n = 15; 50.0 and 100.0 umol L) /% - 3.6%/3.9%

Injection in *ascending and **descending concentration order; # 50 umol L and ## 100 pmol L of DIP.

Subsequently, the developed method was applied to determine DIP in two
pharmaceutical formulations, as shown in Figure 5. Addition and recovery studies were
carried out using 50.0 pmol L= DIP, and recovery values of 87+4 and 101+2 %, indicated
the absence of matrix effect, as well as an adequate accuracy of the analyses. The DIP
contents found in the samples (A and B) were 495+18 and 494+4 mg, respectively, which
were in agreement with the value provided by manufacturers' labels (500 mg). Moreover,
no memory effect was observed even after the addition of pharmaceutical samples, as can
be seen in the Figure 5B.

The analytical performance of the proposed method for the determination of DIP
was compared with other electroanalytical methods reported in the literature, as described
in Table S2. It can be highlighted that the detectability of the NPAu-pE sensors was
similar or better to more expensive electrochemical sensors (glassy carbon and platinum
electrode) and a wide linear range. Furthermore, although not mentioned in Table S2, the
BIA-AD method allowed extremely fast analysis, which is essential for routine

applications in pharmaceuticals.
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Figure 5. (A) Baseline-corrected amperogram of DIP standard solutions (a-j: 1.0 to 200.0
umol L™1), and pharmaceutical samples solutions (A and B samples) and spiked samples
(Ar and Bgf). (B) Calibration curves in the increasing and decreasing direction of
concentration for DIP standard solutions (The decreasing curve was obtained after
injection of samples). BIA-AD conditions: Applied potential = +0.7 V; supporting
electrolyte: 0.12 mol L™! BR buffer (pH 2.0); Vinj = 200 pL, Rais = 227.3 uL 71,

3.4 Voltammetric determination of lead (11) by SWASV

The analytical performance of the proposed sensor was also investigated for the
determination of inorganic species, Pb?* ions, which is a highly toxic metal with great
environmental monitoring relevance. For this, the SWASV technique was selected due to
its greater sensitivity due to the electrochemical deposition step. The SWASV parameters
(deposition time and potential, amplitude, step potential and frequency) and stirring rate
were properly evaluated, and selected based on the higher analytical signal, precision and
peak shape. Figures S8 to S13 present the studies involving each of the evaluated
parameters mentioned above, using 50.0 pug L™ Pb?* and 0.10 mol L acetate buffer pH
4.5 as the supporting electrolyte®®. Table S3 summarizes the selected optimized values.
Using these conditions, the electrochemical response of Pb?* was checked using both

sensors (Figure 6). It can be seen in the voltammograms that the current using NPAu-UE
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was approximately 6-fold greater when compared with Au-pE. Thus, NPAuU-puE was

employed to Pb?* detection.
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Figure 6. Electrochemical response by SWASV for 50 pg L! Pb?* using NPAU-UE (red
line) and Au-pE (black line). Supporting electrolyte: 0.10 mol L™ acetate buffer (pH =
4.5). SWASV conditions: f = 25 Hz; AE = 5 mV; a = 50 mV; Rstirring = 2000 rpm;
deposition time = 120 s, deposition potential =-0.5V.

Next, calibration curves were prepared with increasing Pb?* concentrations (40.0
to 110.0 pg L) using the optimized conditions of SWASV (Table S3) and a good
linearity was obtained (R = 0.998, see Figure 7). LOD and LOQ values were calculated
in 5.0 and 15.0 pg L%, respectively. An adequate precision of the electrochemical
measurements was verified (RSD = 4.3%) through a repeatability study (n = 10). In order
to demonstrate the potential application of the method, spiked tap water sample
(corresponding to 50.0 pg L~! Pb?* in electrochemical cell) was analyzed, and recovery

percentage of 85+2 % was achieved, indicating a good accuracy of the method.
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Figure 7. (A) baseline-corrected SWASV scans obtained for increasing concentrations
of lead (I1) (40.0 — 110.0 pg L™ in supporting electrolyte 0.10 mol L™t acetate buffer
(pH = 4.5) and (B) Respective calibration curve. SWASV conditions are described in
Table S3.

This preliminary result indicates the feasibility of the proposed sensor for metal
determination. Table S4 showed the comparison between the analytical performance of
the NPAu-UE sensor for the detection of Pb?* with other electrochemical sensors. As can
be seen, although the proposed sensor has a higher LOD, a wide linear range under a
lower deposition time was established. Furthermore, opposite to other sensors that use
toxic metals for surface modification, this sensor requires only a simple electrochemical

treatment in acid medium to improve the analytical response.

Conclusion

In this work, it was demonstrated that a disposable gold microelectrode array can
be used as an efficient electrochemical sensor after a simple and eco-friendly surface
treatment. This treatment provided more exposure of active sites, which improved the
electrochemical response of inorganic and organic species. The potential application of
the proposed sensor was investigated for the determination of DIP by BIA-AD and Pb?*

by SWASV. In both cases, analytical performances comparable to other more expensive
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electrochemical sensors were obtained. Therefore, the developed sensor proves to be a
viable and promising analytical tool for quality control of pharmaceutical formulations,

as well as monitoring of metals in environmental samples.
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Figure S2. Impedance measurement results (Bode plots) using 10.0 mmol L™

ferricyanide potassium in the presence of 1.0 mol L™* KCI for Au-uE (black line) and

NPAU-UE (red line).

Siqueira, Gilvana P. (2022)



40

4 = 0.12 mol L”BR buffer (pH = 2.0)
——0.01mel L' HCI
120 4 ——0.01 mol L" HCIO,

-1
==0.01 mol L IISPO4

I/ nA

40

0.0 . 0:2 ' 0:4 . 0?6 . 0:8 ' 1.0

E/V vs. AglAgCIKCI
Figure S3. Baseline-LSV response for 0.50 mmol L™ DIP in different supporting
electrolytes, using NPAu-UE electrode. LSV conditions: Scan rate: 50 mV s; step

potential: 5 mV.
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Figure S4. (A) Cyclic voltammetric response of 0.50 mmol L™ DIP in 0.12 mol L™! BR
buffer (pH = 2.0) in different scan rate (25 to 500 mV s™) using NPAu-uE as working
electrode, and (B) linear relationship between peak current (Ip) and square root of the scan

rate (v'/?).
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Figure S5. (A) Hydrodynamic voltammograms obtained with the BIA-AD by plotting
the peak current values as function of the corresponding analysis potential using NPAu-
ME as working electrode; Effect of dispensing rate (B) and injection volume (C) on the
amperometric response of 50.0 umol L™ DIP. Supporting electrolyte: 0.12 mol L BR
buffer (pH = 2.0).
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Figure S6. (A) Baseline-corrected amperograms of successive injections (n = 3) of DIP
standard solution (b-j: 5.0 to 200.0 pmol L) in increasing and decreasing concentrations,
using the Au-pE as working electrode, and (B) Respective calibration curves of DIP.
BIA-AD conditions: Applied potential = +0.7 V; supporting electrolyte: 0.12 mol L™ BR
buffer (pH = 2.0); Vinj = 200 pL, Rgis = 227.3 pL s™%.
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Figure S7. (A) Baseline-corrected amperograms obtained from successive injections (n
= 15) of 50.0 pmol L~* (red line) and 100.0 pmol L™ (black line) DIP; (B) Respective
variation of current intensities. BIA-AD conditions: Applied potential = +0.7 V;
supporting electrolyte: 0.12 mol L™ BR buffer (pH 2.0); Vinj = 200 pL, Rais = 227.3 pL
st
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Figure S8. (A) Baseline corrected SWASV to evaluate the effect of deposition potential
(-0.4 V to -0.7 V) on the peak current of 50.0 pg L= Pb?* and (B) the respective peak
current for each studied parameter value. Working electrode: NPAu-pE. Supporting
electrolyte: 0.1 mol L™t acetate buffer (pH = 4.5). SWASV conditions: f = 25 Hz; AE =5
mV; a = 50 mV; stirring rate= 2000 rpm; deposition time =120 s.
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Figure S9. (A) Baseline corrected SWASYV to evaluate the effect of deposition time (10-
300 s) on the peak current of 50.0 pug L™ Pb?" and (B) the respective peak current for
each studied parameter value. Working electrode: NPAu-UE. Supporting electrolyte: 0.10
mol L* acetate buffer (pH = 4.5). SWASV conditions: f = 25 Hz; AE =5 mV; a = 50
mV; stirring rate = 2000 rpm; deposition potential =-0.6 V.
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Figure S10. (A) Baseline corrected SWASV to evaluate the effect of stirring rate (1000-
5000 rpm) on the peak current of 50.0 pg L=! Pb?* and (B) the respective peak current for
each studied parameter value. Working electrode: NPAu-pE. Supporting electrolyte: 0.10
mol L! acetate buffer (pH = 4.5). SWASV conditions: f = 25 Hz; AE =5 mV; a = 50

mV; deposition time = 60 s; deposition potential =-0.6 V.
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Figure S11. (A) Baseline corrected SWASYV to evaluate the effect of amplitude (10-100
mV) on the peak current of 50.0 ug L™ Pb?* and (B) the respective peak current for each

studied parameter value. Working electrode: NPAu-UE. Supporting electrolyte: 0.10 mol
L acetate buffer (pH = 4.5). SWASV conditions: f = 25 Hz; AE = 5 mV; deposition time
= 60 s; deposition potential =-0.6 V; stirring rate = 4000 rpm.
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Figure S12. (A) Baseline corrected SWASV to evaluate the effect of frequency (10-100
Hz) on the peak current of 50.0 pug L™t Pb?* and (B) the respective peak current for each

studied parameter value. Working electrode: NPAu-UE. Supporting electrolyte: 0.10 mol
Lt acetate buffer (pH = 4.5). SWASV conditions: a = 30 mV; AE = 5 mV; deposition

time= 60 s; deposition potential =-0.6 V; stirring rate = 4000 rpm.
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Figure S13. (A) Baseline corrected SWASV to evaluate the effect of step potential (1-10

mV) on the peak current of 50.0 ug L™ Pb?* and (B) the respective peak current for each

studied parameter value. Working electrode: NPAu-UE. Supporting electrolyte: 0.10 mol
Lt acetate buffer (pH = 4.5). SWASV conditions: f = 30 Hz; a = 30 mV; deposition time
= 60 s; deposition potential =-0.6 V; stirring rate = 4000 rpm
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Figure S14. SWASV baseline-corrected obtained from successive measurements (n =
10) of 60.0 pg L™ Pb?"; (B) Respective variation of current intensities. SWASV

conditions are described in Table S3.
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Table S1. Studied range and selected optimized values for the determination of DIP using

BIA-AD.
Parameters Studied range Optimized value
Potential / V (vs. Ag|AgCI|KClsat,)) 03-1.0 +0.7
Dispensing rate / pL s* 16.9-298.5 227
Injection volume / pL 50-300 200

Table S2. Comparison of the developed method with other electroanalytical methods

reported in the literature for DIP detection.

Linear range / LOD/

Electrode Method Ref.
umol Lt umol Lt
Nickel-salen/Pt AMP 4.7 -110 1.20 1
CD-HPC/CPCE SWV 05-35 0.009 2
PTH/MWCNT/
DPV 250 — 2500 13.4 3
CFE
RF/GCE SWV 01-27 0.10 4
CrGO/GCE AMP 48 — 246 0.13 5
CDGE FIA-AD 1-10 0.10 6
GCE SWV 10 — 100 3.00 !
NPAu-pE BIA-AD 1-200 0.57 This work

Nickel Salen/Pt: (Salen = N,N-ethylenebis(salicydeneiminato) film coated platinum electrode; CD-
HPC/CPCE: Carbon black paste electrode modified with a-cyclodextrin and hierarchical porous carbon;
PTH/MWCNT/CFE: Multi-walled carbon nanotube-poly(thionine) nanostructures formed on carbon film
electrodes ; RF/GCE: Nano riboflavine modified glassy carbon electrode; CrGO/GCE: Chemically-reduced
graphene-oxide modified glassy carbon electrode; CDGE: Compact disc gold electrode; GCE: Glassy
carbon electrode; NPAu-pE: Nanoporous gold microelectrode array; AMP: Amperometry; SWV: Square
wave voltammetry; DPV: Differential pulse voltammetry; FIA-AD: Flow injection analysis with
amperometric detection; BIA-AD: Batch injection analysis with amperometric detection.
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Table S3. Studied ranges and selected optimized values for the determination of lead (1)
using SWASV.

Parameters Studied range Optimized value
Frequency/ Hz 10 - 100 30
Step potential / mV 1-10 2
Amplitude / mV 10 - 100 30
Deposition potential / V -0.4/-0.7 -0.6
Deposition time/ s 10 - 300 60
Stirring rate/ rpm 1000 - 5000 4000

Table S4. Comparison of the proposed sensor with other electrochemical sensors reported

in the literature for Pb?* determination.

Deposition Linear range / LOD/

Electrode Method ) Ref.
time/s ug L1 pg L1
MF/GCE SWASV 240 10 — 46 0.9 8
HMDE AdSV 160 05-70 0.02 9
BiFE SWASV 600 0.02- 0.40 0.005 10
SPE/AUF SWASV 120 4-16 0.5 1
SPGE/GNPs  SWASV 120 20 — 200 2.0 12
SbNP/MWCN
SWASV 120 10-60 0.65 13
T/CPE
PolyL/GCE DPASV 60 0.2-20 0.15 14
This
NPAu-UE SWASV 60 40 -110 5.0
work

MF/GCE: Glassy carbon electrode modified with mercury-film; HMDE: hanging mercury drop electrode;
BiFE: Bismuth film electrode; SPE/AuUF: Screen-printed electrodes modified with gold films SPGE/GNPs
screen-printed gold electrode modified with gold nanoparticles; SONP/MWCNT/CPE: Antimony
nanoparticle-multiwalled carbon nanotubes composite immobilized at carbon paste electrode; PolyL/GCE:
Glassy carbon electrode with poly(4-azulen-1-yl-2,6-bis(2-thienyl)pyridine); SWASV: Square wave anodic
stripping voltammetry; AdSV: Adsorptive stripping voltammetry; DPASV: Differential pulse anodic
stripping voltammetry.
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