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This work presents the development of a modified sensor coupled to a flow injection analysis (FIA) system for the
determination of 2-nitro-p-phenylenediamine, an important compound in hair dyes. To achieve this, a commer-
cial screen-printed gold electrode (SPAUE) previously electrochemically treated to become nanostructured, was
covered with a self-assembled monolayer (SAM) of 3-mercapto-1-propanesulfonate (MPS) and, subsequently,

was covered by multilayers of chitosan, sodium dodecyl sulphonate (SDS) and nickel(II) phthalocyanine-
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tetrasulfonic acid (NiPcTs) in a layer-by-layer technique to improve the sensor's sensibility. The analytical re-
sponse of the proposed methodology was evaluated in batch by square wave voltammetry (SWV) and by
amperometry coupled to a FIA system, with limits of detection of 1.2 and 1.6 pmol L™, respectively.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

The use of hair dyes is generally regarded as safe, however, a few stud-
ies can be found literature alarming us for their potential toxicity, due to
its mutagenic properties, as well as allergenic potential [1-6]. Therefore,
the existence of analytical methodologies capable of determining these
compounds in waste waters can be of great interest for researchers. One
of the main compounds used in commercial formulations is 2-nitro-p-
phenylenediamine (2NPPD), about which some concerning studies
about its toxicity and mutagenicity have been performed [7,8].

A large number of techniques and approaches can be found in liter-
ature to improve the sensitivity of bare electrodes. They range from ac-
tually altering the electrode structure, to add some extra layers of
materials like polymers, up to incorporate bioactive elements. Creating
electrochemical sensors is a field of science where the scientist's imagi-
nation is fully tested. Self-assembled monolayers (SAM) have been a
popular option, SAMs are single molecule layers that spontaneously ad-
sorb onto a chosen surface, usually containing a thiol group, they are
quite advantageous since they allow the binding of other important el-
ements from enzymes to DNA onto the electrode surface, quite com-
monly made out of gold [9-12].

Commercial electrochemical flow-through detectors have become
widely available, including for low volumes. Therefore combining
flow-injection analysis (FIA) with electrochemical sensors is an option
that allows automation, low sample and reagents requirements, suit-
able repeatability along with low-cost portability [13-15].
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The present work explores a method to build sensor that could have
sufficient sensitivity for the detection of 2NPPD. The sensor was con-
structed using a purposely build nanostructured gold surface on a com-
mercial screen printed electrode modified with a self-assembled
monolayer (SAM) of 3-mercapto-1-propanesulfonate (MPS) and, subse-
quently, was covered by multilayers of chitosan, sodium dodecyl
sulphonate (SDS) and nickel(II) phthalocyanine-tetrasulfonic acid
(NiPcTs).

2. Experimental
2.1. Reagents

All chemicals were of analytical grade and were used as received
without further purification. Sodium 3-mercapto-1-propanesulfonate
(MPS), 2NPPD, chitosan, nickel(II) phthalocyanine-tetrasulfonic acid
tetrasodium salt (NiTSPc), sodium dodecyl sulphonate (SDS) were pur-
chased from Sigma-Aldrich. In the electrochemical measurements a
Britton-Robinson buffer (BRB), 0.1 mol L™, was used. It was prepared
with boric acid, acetic acid and phosphoric acid. Ultrapure water (resis-
tivity not lower than 18.2 MQ cm at 298 K) from a Direct-Q 3UV water
purification system (Millipore) was used in all experiments.

2.2. Apparatus

Batch electrochemical measurements were performed in a digital
potentiostat/galvanostat Autolab PGSTAT 12 controlled with software
GPES v.4.9. A single-compartment electrochemical cell with a volume
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of 10 mL was employed. Screen printed gold electrodes (SPAuEs) with a
gold working electrode (diameter of 4 mm, geometric area of
0.125 cm?), a pseudo silver reference and gold counter-electrode were
acquired from DropSens. Electrochemical measurements in FIA were
performed with a PalmSens3 potentiostat from Palm Sense using an
acrylic cell type thin layer flow with magnet system to close it from
DropSens (DRP-FLWCL) and a multi-channel peristaltic pump from
Ismatec. All measurements were performed at room temperature.

All SPAuEs were electrochemically cleaned by performing cyclic
voltammetry in a sodium hydroxide solution, 0.5 mol L~ !, and then im-
mersed in ethanol.

The morphology of the electrode surface was characterized by a
high-resolution field emission scanning electron microscopy (FESEM)
a using a JEOL JSM 7500F, no sample preparation was performed. Topo-
graphical images were obtained using an atomic force microscope
(AFM) Agilent 5500, acoustic AC mode, spring constants of 42 N m™!
and resonant frequency of 320 kHz.

3. Results and discussion
3.1. Electrode manufacturing and its characterization

As schematized in Fig. 1 building the electrochemical sensor had sev-
eral steps. It started with creating nanopores on the gold surface, placing
a SAM and then several layers of chitosan-SDS-chitosan-NiPcTs. This
will be discussed in detail in the next paragraphs.

Initially, the working electrode of gold was cleaned using cyclic volt-
ammetry in a 0.5 mol L' sulphuric acid solution in a potential range
from —0.2 to + 1.0 V at a scan rate of 50 mV s~ . In order to form the
gold nanostructure, the first step was a galvanostatic pre-treatment,
i.e. submitting the electrode to a cathodic potential of +2.0 V for 180 s
in a phosphate buffer solution, pH 7.0, to obtain an oxide film of gold.
Then, cathodic linear sweep voltammetry was performed in the same
solution using a potential range from + 2.0 to —0.2 V, for the reduction
of the gold oxide, previously formed, and thus obtaining the roughened
surface [16]. At a potential of +2.0 V at a pH 7, according to the gold
Pourbaix diagram [16], there is an equilibrium between Au(OH)3 and
Au0,, and quite possibly it is the release of oxygen bubbles when pass-
ing from AuO, to Au(OH); that creates the nanopores.

Fig. 2(A) shows the cyclic voltammetry of the nanostructured gold
electrode and the electrode without this pre-treatment. There is a

significant improvement in current intensity after the mentioned treat-
ment on the gold surface due to increased surface area of the electrode.
The active areas of untreated and nanostructured electrodes were esti-
mated using the corresponding cathodic peak areas. These areas corre-
spond to the removal of a monolayer of oxygen on the gold electrode
surface, enabling the active area to be calculated using Eq. (1):

1 Y
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where Q is the total electrical charge; Qg is the electrical charge of the
capacitive double layer; v is a constant specific to gold
(390 mC cm™2), and the remaining integral corresponds to the active
area of the electrode. The active areas of the two electrodes were calcu-
lated to be 0.137 cm? to the bare gold and 2.46 cm? to the nanostruc-
tured gold [16]. This means the area of the nanostructured electrode is
18 times larger than the bare electrode. The highly roughness surface
is also visible by both SEM and AFM (Fig. 3). This increase in the avail-
able area for adsorption is expected to greatly increase the sensor’s elec-
trochemical signal.

Then, after altering the gold surface, the first step in the develop-
ment of sensor was the immersion of the gold electrode for 3 h at
room temperature in 10 mL of 20 mmol L™ ! MPS solution prepared in
10 mmol L™ sulphuric acid solution for the formation of the SAM.
After the incubation time, the electrode was washed with water. Gold
is very advantageous since it does not react with the oxygen present
in the environment [17].

Afterwards, the formation of multilayers using the layer-by-layer
technique on the SAM was carried out using different modifiers based
on the surface charge of modified gold with SAM. To achieve this, the
modified electrode with MPS was immersed in a cationic solution of
1 g L™ chitosan at pH 3.8 for 10 min and rinsed with water for 3 min.
Immediately thereafter, it was immersed in 1% SDS solution for
10 min and rinsed with water. Afterwards, the electrode was again im-
mersed in a cationic solution of 1 g L™ ! chitosan and rinsed. Finally, it
was immersed in an anionic solution of 0.1 mmol L™! NiTSPc for
10 min. Metallic phthalocyanines are suitable to replace enzymes in
sensor applications since they can mimic natural enzymes, making the
electron transfer easier [18,19]. This procedure (from chitosan-SDS)
was repeated several times to reach surfaces that could provide higher
currents. The interaction between chitosan and SDS creates a very stable
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Fig. 1. (A) - The SPAUE endures an electrochemical treatment becoming nanoporous; (B) — a SAM of MPS is placed on the surface; (C) - a layer of chitosan is placed on top of the SPAuE-
MPS; (D) - a layer of SDS is placed on top of the SPAUE-MPS-chitosan; (E) - another layer of chitosan is placed on top of the SPAUE-MPS-chitosan-SDS; (F) - a layer of NiPcTs is placed on
top of the SPAUE-MPS-chitosan-SDS-chitosan; (G) - after repeating 10 times the procedure from the first layer of chitosan the electrode is finally ready: SPAUE-MPS-(chitosan-SDS-

chitosan-NiPcTs)o.
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Fig. 2. (A) Cyclic voltammograms in 0.5 mol L~ " of potassium hydroxide solution at a scan
rate of 50 mV s~ ! of the screen-printed gold electrodes before and after the treatment for
nanostructured gold formation; (B) cyclic voltammograms in BRB, 0.1 mol L~ !, pH3.5,ata
scan rate 50 mV s~ !, with a modified electrode with and without SDS and in the presence
and without presence of 2NPPD, 225 pumol L™,

film ideal for this work's objective, moreover the cationic nature of chi-
tosan easily adsorbs on the anodic surface of the SAM formed [20].
Layer-by-layer technique is a very simple and useful technique, it is per-
formed without any particular requirements like temperature changes
or by creating vacuum and it can be used with a large variety of poly-
electrolytes [21,22]. As it can be observed in Fig. 4 the current increases
with the number of layers in sensor SPAuE-MPS-(chitosan-SDS-chito-
san-NiPcTs),. Thus, to increase the signal a larger number of layers
could be used. A compromise of 10 layers was chosen not to burden
the scientist with too much manual work. Chitosan in this sensor
plays a role of support (SDS and NiPcTs), chitosan's stability in terms

of temperature, pH and storage are appreciated when building sensors
[23-25]. As shown in Fig. 2(B) the anionic surfactant SDS improves
the sensor’s signal difference between the presence and absence of the
analyte, SDS is positively charged with a apolar tail helping to ‘bind’
the different layers in a more consistent manner for the different ele-
ments [26].

3.2. Analytical application of the developed sensor

For analytical purposes square-wave voltammetry was applied. Dif-
ferential pulse techniques are employed due to their high sensitivity,
good definition of signals and reduction of double layer and background
currents [27]. Therefore it is not surprising that SWV is used extensively
for electroanalytical purposes [28-30]. Optimized SWV parameters
were the following: square wave frequency of 80 Hz and wave ampli-
tude of 70 mV.

With the goal of evaluating selectivity, the sensor's response for
several different compounds (metronidazole, histidine, ciprofloxa-
cin, diclofenac, glutathione, catechin and biotine) was compared to
2NPPD (Fig. 5). Measurements were performed in the same experi-
mental conditions, namely: room temperature, concentration
(4.45 umol L~ 1) and pH 3.5. It can be observed than no signal differ-
ent from blank was obtained for metronidazole, histidine, ciproflox-
acin and diclofenac, however for catechin, biotine and glutathione
signals ca. 35% of 2NPPD were observed. Although diclofenac, cipro-
floxacin and metronidazole do not possess any aliphatic amine
group, histidine has indeed one group. Biotine's and glutathione's
signal should be ascribed to its sulphur oxidation and catechin'’s sig-
nal to its hydroxyl groups.

The “batch” method performance parameters were obtained from a
calibration curve (Fig. 6(A)) and are the following: Al (pA) = (0.62 +
0.02) x [2NPPD] (umol L=1) + (1.8 & 0.3), 2 0f 0.998, limit of detection
(LOD) of 1.2 umol L™ " and limit of quantification (LOQ) of 4.1 umol L™ .
LOD and LOQ were calculated as three and ten times the standard devi-
ation of the intercept/slope, respectively. The linear dynamic range was
from 4.3 up to 22.5 umol L™

Since the sensor worked well in batch, aiming to automatize the
methodology, use small sample volumes and miniaturize the SPAuE-
MPS-(chitosan-SDS-chitosan-NiPcTs)q¢ sensor was tried in a FIA sys-
tem. Volumes of 50 pL were analyzed with a flow of 1.12 mL min™ !,
measurements were performed in this case by amperometry at a poten-
tial of +400 mV, at a pH of 3.5.

The “FIA” method performance parameters were obtained from a
calibration curve (Fig. 6(B)) and are the following: AI (pA) =
(0.031 & 0.001) x [2NPPD] (umol L™1) + (0.03 + 0.02), r? of 0.996,
LOD of 1.6 umol L™ ! and LOQ of 5.4 umol L™ . LOD and LOQ were calcu-
lated as three and ten times the standard deviation of the intercept/
slope, respectively. The linear dynamic range was from 5.4 up to
22.5 umol L. A sampling rate of 36 injections per hour was obtained.
Repeatability was tested measuring several different injections of
2NPPD, 9.0 umol L™, in the FIA system, and the relative standard devi-
ation (RSD) obtained was 1.4% (n = 20). The sensor produced repro-
ducible results during five days (data not shown). Recovery studies
were performed over five tap water samples spiked with 15 umol L™!
2NPPD solution (50 L of these samples were added to 10 mL of BRB so-
lution at pH 3.5), and, as can be seen in Table 1, results were very good
being the recovery ca. 100%.

A few analytical methodologies for 2NPPD can be found in literature,
namely by GC-MS [31], HPLC with several different types of detectors
[32,33], with a fluorometric sensor [34], with a glassy carbon electrode
coated by composites of multiwall carbon nanotubes with chitosan
(GCE-MWCNTs-chitosan) [35]. The developed sensor, both in batch
and in the FIA system, has a lower LOD when compared to the other sen-
sors in literature (30 umol L™ ! [34] and 7.3 umol L™ ' [35]) and it is only
beaten by the chromatographic methodologies (0.9 umol L™ [31] and
0.2 umol L™ [32]).
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Fig. 3. Representative SEM images of the untreated (A;) and nanostructured (A,) screen-printed gold surfaces with magnification 1000 x. Three dimensional (B) and two dimensional (C) AFM
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were performed in BRB, 0.1 mol L™, pH 3.5, with 2NPPD concentration 18 umol L™ " at a
scan rate 50 mV s~ .

4. Conclusions

A SPAUE-MPS-(chitosan-SDS-chitosan-NiPcTs), o sensor was devel-
oped to analyse 2NPPD. Firstly the commercial gold electrode was elec-
trochemically treated to obtain a nanostructured surface. Then, on top a
MPS SAM, 10 layers of chitosan-SDS-chitosan-NiPcTs were placed by
the layer-by-layer technique. On batch, by SWV a LOD of 1.2 umol L™!

41 histidine, metronidazole, ciprofloxacin, diclofenac

E glutathione

E catechin

b biotine

b 2NPPD
———— e ——— e ———

0.0 0.1 02 03 04 05 06 07 08 09 1.0

signal ratio vs. 2NPPD

Fig. 5. Selectivity studies, sensor's response when compared to 2NPPD for different
compounds (metronidazole, histidine, ciprofloxacin, diclofenac, glutathione, catechin
and biotine). Experiments were performed in BRB, 0.1 mol L', pH 3.5, all
concentrations being 4.45 pmol L™ ! at a scan rate 50 mV s~ .
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Fig. 6. (A) Square wave voltammograms of 2NPPD using SPAuUE-MPS-(chitosan-SDS-
chitosan-NiPcTs); (concentrations from 4.5 to 22.5 umol L~ '), pH 3.5, frequency 80 Hz
and an wave amplitude of 70 mV. Inlay: calibration curve obtained. (B) Amperometry
by SPAUE-MPS-(chitosan-SDS-chitosan-NiPcTs)o in FIA (concentrations from 4.5 to
22.5 umol L™ 1), measurements were performed at a potential of 4400 mV, pH of 3.5 at
a flow rate of 1.12 mL min~". Inlay: calibration curve obtained.

was obtained, then in FIA system a LOD of 1.6 umol L™ was obtained
with a sampling rate of 36 h™!, recoveries around 100% and a RSD of
1.4%.

Table 1
Recovery studies in tap water spiked with 2NPPD in a concentration of 15 pmol L7, each
sample was analyzed in triplicate.

Sample 1 2 3 4 5
2NPPD/umol L™! 153 + 0.6 150 + 0.3 145+ 0.1 151 +£ 0.1 147 + 0.7
Recovery/% 102.0 100.1 96.9 100.5 97.7
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