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a  b  s  t  r  a  c  t

Dopamine  (DA)  abnormal  levels  are  related  to diseases  which  makes  important  the development  of
fast, reliable,  low-cost  and  sensitive  devices  for diagnosis  and  pharmaceutical  controls.  Nanostructured
film  composite  of  sodium  montmorillonite  clay  (Na+MMT)  and  nickel  phthalocyanine  (NiTsPc)  was  self-
assembled  by  layer-by-layer  (LbL)  technique  and  applied  as electrochemical  sensor  for  DA in  the presence
of common  natural  interferents  as ascorbic  acid (AA)  and  uric  acid  (UA). Three  different  LbL  archi-
tecture  films  were  investigated:  LbL  films  of  clay  (PEI/Na+MMT)  and phthalocyanine  (PEI/NiTsPc)  in  a
eywords:
opamine
ayer-by-layer
ickel phthalocyanine
ontmorillonite clay

bilayer  structure  with  a conventional  polyelectrolyte  (PEI)  and  a composite  film  formed  by  both  mate-
rials  to  verify  the  synergistic  effect  in  the  LbL film  in a quadri-layer  assembly  (PEI/Na+MMT/PEI/NiTsPc).
Structural characterization  indicated  molecular  level  interactions  between  the layers  forming  the  LbL
films.  The  ITO/(PEI/Na+MMT/PEI/NiTsPc)10 electrode  exhibited  a LOD  of  1.0  �mol  L−1 and  linear  range
5–150  �mol  L−1.
lectrochemical sensor

. Introduction

Dopamine (DA) is a neurotransmitter with a fundamental func-
ion in the central nervous system. It deliveries information to the
ells acting specially in the control of movement, pleasure sen-
ation, besides being metabolic precursor for noradrenaline and
drenaline [1]. Normal dopamine level in blood is very low and
t varies between 0.01–1.0 �mol  L−1 [2] and its abnormal level
an result in diseases [3–5], as Huntington’s disease, Alzheimer’s
nd Parkinson’s diseases, where the dopamine activity is lower
han healthy individuals [6]. On the opposite, Schizophrenia is con-
ected to increased dopaminergic activity [6]. Due to the relevance
f dopamine quantification for healthy monitoring and pharma-
eutical control, the development of simple, fast and inexpensive
ethods for DA quantification has been focus of attention for many
esearchers in the last decades. Some reviews encompassing the
ensor development for DA are published in the last years [1,7,8].

∗ Corresponding authors.
E-mail addresses: celinamiyazaki@ufscar.br (C.M. Miyazaki),

arystela@ufscar.br (M.  Ferreira).

ttps://doi.org/10.1016/j.apsusc.2017.12.117
169-4332/© 2017 Elsevier B.V. All rights reserved.
© 2017  Elsevier  B.V.  All  rights  reserved.

Among the DA quantification techniques the electrochemical
method has presented advantages as fast response and low cost
[8]. Advances in electrode modifications allow high sensitivity and
selectivity [1,8]. However, DA coexists in the extracellular fluids
of the central nervous system with two electrochemical interfer-
ents, ascorbic acid (AA) and uric acid (UA), both present in higher
concentration and exhibiting oxidation potential very close to DA
[9]. In this way, the development of modified electrodes with
high selectivity to DA has been focus of extensively work, includ-
ing applications of a plenty of materials, as metal nanoparticles
[9], conducting polymers [10], carbon nanotubes [11,12], graphene
[4,9,10,13–15], specific enzymes [16], among others. For instance,
Uzun et al. developed a sensor composed by N,N’-bis(indole-
3-carboxaldimine)-1,2-diaminocyclohexane onto glassy carbon
electrode, which is capable to separate the oxidation peaks of DA,
AA and UA by the differential pulse voltammetry with limit of
detection of DA equal to 0.18 �mol  L−1 [17]. Recently, Daniel Arulraj
et al. achieved very low limit of detection (20 nM) using modified
GCE electrodes via electrochemical reduction of graphene oxide

followed by electropolymerization of polypyrrole forming a com-
posite film for selective determination of DA in presence of DA and
UA [10].

https://doi.org/10.1016/j.apsusc.2017.12.117
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apsusc.2017.12.117&domain=pdf
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ig. 1. (A) Structural representation of poly(ethylene imine) - PEI, nickel phthalocy
abrication by successive immersions of the solid substrate in PEI, Na+MMT,  PEI and

Concerning the electrode modifications, the choice of materials
s an important feature for sensor development. Metallophthalo-
yanines exhibit semiconducting properties and well defined redox
ctivity [18]. It has been widely applied in the nanotechnology
owards improvement of performance of electronic and pho-
ovoltaic devices. Specially for sensor applications, it has been
xploited for detection of various analytes besides DA, as metals
ons [19], gases [20,21], among others [22–24]. Specifically, nickel
etrasulfonated phthalocyanine (NiTsPc) exhibits a structure of a
ymmetric macrocycle with four isoindol units (C8H7N) bonded
y four ( N) bonds (see chemical structure in Fig. 1A). The two
entral hydrogen atoms are substituted by Ni ions. The sulfonated
roups are electron-withdrawing groups, that can decrease the
lectron density on the metal centre, which facilitates the oxidation
f the Ni when compared to the non-substituted NiPc [25] and also,
llow the solubility in water [24] for layer-by-layer film fabrication
26]. Montmorillonite clay has received attention for technological
pplications in the last years [27–31] because its adsorption prop-
rties [32]. Its crystalline structure is formed by lamellar structures,
hich consist in three sheets: two silica tetrahedral and one alu-
ina octahedral structures [31]. Each lamella exhibits about 1 nm,

tacked on each other due to the Van de Waals interaction. Sodium
ons are present in the basal plane, between the lamellas, as shown
n Fig. 1A.

Solid electrodes can be easily modified by self-assembly tech-
iques. Layer-by-layer (LbL) deposition is a versatile and simple
ay to coating substrates with functional nanostructured films,
roducing multilayered films with synergistic properties. Firstly
emonstrated by Decher and coworkers in 1992 [26,33], it is based
n spontaneous adsorption of charged materials in a solid substrate
ia electrostatic interactions and/or hydrogen bonds. The thickness
n nanoscale is easily controlled by the number of repetitions of the

eposition steps until a multilayer film of desired thickness.

In this work, we demonstrate the fabrication of LbL film of NiT-
Pc and Na+MMT  assembled in intercalated layers of the positive
 – NiTsPc, and sodium montmorillonite clay - Na+MMT.  (B) Schematics of LbL film
c solutions. A washing step in PBS solution is performed after each deposition step.

polyelectrolyte PEI for the electrochemical detection of DA in the
presence of the main interferents, UA and AA, using differential
pulse voltammetry. A deep structural and morphological charac-
terization was performed by Raman and Fourier transform infrared
(FTIR) spectroscopies and atomic force microscopy (AFM) to inves-
tigate the molecular level interactions in the formation of the LbL
film.

2. Experimental

2.1. Chemicals

Nickel (II) phthalocyanine-tetrasulfonic acid tetrasodium salt
(NiTsPc) and poly(ethylene imine) (PEI) (MW  = 43.0 g mol−1 per
repeat unit) were obtained by Sigma-Aldrich and used as received.
Sodium montmorillonite clay (Na+MMT)  (MW  = 2892.48 g mol−1)
was purchased from Cloisite Southern Clays. All solutions were
prepared in 0.1 mol  L−1 phosphate buffer solution pH 7.0 with ultra-
pure water from a Sartorius arium system (18.2 M� cm at 25 ◦C).

2.2. Preparations of layer-by-layer films

PEI solution was prepared at 1.0 g L−1 to obtain a positive
charged polyelectrolyte, while the negatively charged NiTsPc and
Na+MMT  suspensions were prepared at 0.5 g L−1 and 1.0 g L−1,
respectively. For the Na+MMT  suspension, the clay was  kept in
phosphate buffer in an ultrasonic bath for 2 h, as reported by
Umemura et al. [34].

For the LbL film fabrication, the substrates were previously
cleaned as follow. Quartz plates for UV–vis spectroscopy, and
Si slides for FTIR and Raman spectroscopy were cleaned with a

mixture of 5:1:1 (v/v/v) H2O:H2O2:NH4OH at 80 ◦C for 10 min.
Mica plates for AFM were peeled off immediately before the
film deposition. ITO-covered glass slides for electrochemical anal-
ysis were rinsed with chloroform and washed in an ultrasonic
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Fig. 2. LbL film growths monitored by UV–vis absorption spectra of (A)
+ +
N.C. de Lucena et al. / Applied S

ath with isopropyl alcohol for 10 min. Three different LbL archi-
ected films were investigated: LbL films of clay (PEI/Na+MMT)
nd phthalocyanine (PEI/NiTsPc) in a bilayer structure with a
onventional polyelectrolyte (PEI) and a composite film formed
y both materials to verify the synergistic effect in the LbL
lm in a quadri-layer assembly (PEI/Na+MMT/PEI/NiTsPc). Fig. 1A
hows the chemical structure of PEI, NiTsPc and Na+MMT. Fig. 1B
epicts a schematic diagram of fabrication of quadri-layer film
PEI/Na+MMT/PEI/NiTsPc): firstly, the substrate was immersed in
he PEI cationic solution for 3 min, followed by immersion in the
a+MMT  anionic suspension for 10 min, one more immersion in the
EI solution for 3 min, and finally, immersion in the NiTsPc anionic
uspension for 5 min. Between each deposition step, a washing was
erformed immerging the substrate into a buffer solution for 30 s
o remove the weakly adsorbed material and also to avoid cross
ontamination. The deposition step can be repeated n times then
orming (PEI/Na+MMT/PEI/NiTsPc)n multilayer films.

.3. Layer-by-layer films characterization

The deposition of (PEI/Na+MMT/PEI/NiTsPc)n film on quartz
ubstrates was monitored using an UV–vis spectrometer Thermo
cientific Genesys 10 by absorbance measurements after each step.
or the structural characterization, films were deposited on Si
ubstrates and analysed by a Thermo Nicolet Nexus 470 FTIR spec-
rophotometer and a micro-Raman Renishaw, model in-Via, with
ctive 632.8 nm laser. Mica substrates were previously peeled off
nd used for film deposition for morphology analysis using an
tomic force microscope from Bruker (Bruker Corp., EUA) in tap-
ing mode, and scanning rate of 0.8 Hz. The images were analysed
y Gwyddion software.

.4. Electrochemical measurements

The LbL films were deposited on ITO-coated glass slides (Delta
echnologies, USA) previously cleaned following the steps: immer-
ion in chloroform and drying; immersion in isopropyl alcohol
n an ultrasonic bath for 30 min. Finally, they were washed
xtensively with ultrapure water and dried before film depo-
ition. The electrochemical measurements were performed in a
otenciostat/galvanostat from AutoLab model PGSTAT30, using a
-electrode cell with 10 mL  of supporting electrolyte of pH 7.0
hosphate buffer. Platinum foil (1.0 cm2) and saturated calomel
lectrode (SCE) were used as counter-electrode and reference
lectrode, respectively, while the working electrode was the ITO
overed with the different LbL films. Firstly, the measurements
ere performed using 0.1 mol  L−1 pH 7.0 PBS as electrolyte solu-

ion. In order to evaluate the sensor applicability in real samples
t was also tested in human urine without any previous treat-

ent or dilution, spiked with 3.0 �mol  L-1 of dopamine. Differential
ulse voltammetry (DPV) measurements were performed with step
otential of 6.0 mV,  pulse amplitude of 50 mV  and modulation time
f 8.0 ms.

. Results and discussions

.1. Layer-by-layer films characterization

Fig. 2 shows the absorption spectra obtained after each deposi-
ion step of the LbL films of (A) (PEI/Na+MMT)10, (B) (PEI/NiTsPc)10,
nd (C) (PEI/Na+MMT/PEI/NiTsPc)10. The (PEI/Na+MMT)10 film (see
ig. 2A) presented a characteristic band at 244 nm due to the exci-

ations of free electrons from Fe-OH in the crystalline structure of
lays [35]. The inset shows the poor linear growth (R2 = 0.8896) of
his assembly. The main bands of NiTsPc were observed in both (B)
PEI/NiTsPc)10 and (C) (PEI/Na+MMT/PEI/NiTsPc)10. The S band at
(PEI/Na MMT)10, (B) (PEI/NiTsPc)10, and (C) (PEI/Na MMT/PEI/NiTsPc)10 deposited
in  quartz substrates. Inset: relationship between the absorbance and number of
deposited layers.

336 nm from �–�* transition in the macrocyclic ring of phthalo-
cyanine [36], and Q band at 608 nm (dimeric) and a shoulder at
663 nm (monomeric) due to the HOMO-LUMO orbital transitions
due to the interactions between the central metal and axial lig-
ands in the phthalocyanine structure [36]. The inset presents the
linear relationship between the absorbance (at 607 nm for both
films containing NiTsPc films) and the number of layers deposited,
indicating these films are grown in a controlled way  in terms of
thickness/bilayer (or /quadri-layer) at nanoscale.

The interaction between each material in the composition of
the LbL films was investigated by FTIR. Fig. 3A shows the spectra of
LbL film of 10 bilayers of (PEI/Na+MMT)  along with spectra of pure
PEI and Na+MMT  in cast films. The characteristic clay bands at 467,
525 and 1047 cm−1 attributed to Si O and Al O deformations, and
Si O stretching, respectively [35], exhibited a red shift after the

−1
LbL film formation to 462, 522 and 1042 cm . PEI bands at 1580
and 1483 cm−1 assigned to N H and C H bending were also found
in the LbL film with small changes in position and lower relative
intensities. Na+MMT  clay forms negative charges on its basal plane
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Fig. 3. FTIR spectra of (A) (PEI/Na+MMT)10, (B) (PEI/NiTsPc)10, and (C) (PEI/Na+M

ue to the isomorphic substitution of Al+, Si+ and Mg+ [37,38]. The
dges are occupied by octahedral Al OH and tetrahedral Si OH
nd the ionization or protonation of these sites are dependent on
he pH of the suspension [37], being positively charged below and
egatively charged above pH 6.5 [38]. Thus at our working pH, both
asal plane and edges are negatively charged and it is expected an
lectrostatic attraction with positively charged PEI. Some neutral
ites can also contribute by Van der Waals forces [39].

For (PEI/NiTsPc)10 film (Fig. 3B), the main vibrational bands
ppear at ∼3400 cm−1 due to the stretching mode of NH3

+ from
EI, and overlapped bands in 2800–2900 cm−1 region assigned
o C H stretching vibrations. Additionally, NiTsPc bands could be
ound at 752 cm−1 (out-of-plane C H ring stretching), 1182 cm−1

S = O symmetric stretching), and 1403 cm−1 (isoindole stretching)
25,40]. Special attention to the band at 1182 cm−1, which splits
o two stronger bands at 1180 and 1218 cm−1 in the LbL film.
dditionally, the band at 1041 cm−1 due to SO3 stretching in the
ast NiTsPc appears as a stronger peak shifted to 1033 cm−1 in the
bL (PEI/NiTsPc)10. These changes suggest a supramolecular level
nteraction via formation of salt bridges of SO3-NH3, which act as
inding forces between PEI and NiTsPc to the LbL film formation
40,41]. Salt bridge is an interaction between two  groups of oppo-
ite charge in which at least one pair of heavy atoms is within a
ydrogen bonding distance [42]. In other words, it can be under-
tood as a combination of electrostatic interaction and Hydrogen
onding, in this case between O atom of sulfonic group from NiT-
Pc and H atom from amine group from PEI. For the quadri-layer

rchitecture of (PEI/Na+MMT/PEI/NiTsPc)10 (Fig. 3C), the spectrum
xhibits the superposition of 3360 and 3426 cm−1 (symmetric and
symmetric stretching N H from PEI) bands and a shoulder at
EI/NiTsPc)10 in comparison to cast films of pure materials on silicon substrates.

3621 cm−1 from clay (Si OH stretching) [30]. Clay bands at 467
and 525 cm−1 (Si O and Al O deformations) demonstrated a shift
to lower energies (464 and 522 cm−1), indicating that these polar
groups can be involved in the interaction with the equally polar
amine groups from PEI, which has red shifted from N H bending
(from 1580 to 1543 cm−1). Also, the separated bands at 1181 and
1217 cm-1, which are attributed to the SO3-NH3 bridge between
sulfonic groups from the phthalocyanine and the amine groups
from the polyelectrolyte [41]. All this findings are an indicative of
supramolecular-level interaction between the multilayers forma-
tion in the quadri-layer structure.

Fig. 4 shows the optical images for each LbL film and the arrays
indicate the spot from where the Raman spectra were recorded
with spatial resolution close to 1 �m2. In a general way, at microm-
eter scale the optical images reveal a non-uniform surface of the
films in terms of morphology, while the Raman spectra reveal the
same in terms of spatial distribution of the components of the films
(usually we  have aggregates composed mainly by clay or by NiT-
sPc). However, it is interesting this structure at microscale does
not affect the reproducibility of the results in the sensing exper-
iments, as shown in Sections 3.2 and 3.3. Specifically speaking,
Fig. 4A depicts the optical micrography of (PEI/Na+MMT)5 film on
silicon substrate showing large clay aggregates, which was  char-
acterized by Raman spectrum dominated by Si signal, as expected
for clay samples (low Raman scattering cross section) [30]. On the
other hand, NiTsPc signal dominates the Raman spectrum when
recorded with 632.8 nm laser line, which is the case in Fig. 4B and

C. This effect is called resonance Raman scattering, whose origin is
in the resonance between the 632.8 nm excitation laser and the
NiTsPc electronic absorption (Fig. 2B and C). (PEI/NiTsPc)5 films
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ig. 4. Optical images and micro-Raman spectra of (A) (PEI/Na MMT)5, (B) (PEI/NiT
he  spot form where the spectra were collected (spatial resolution ca. 1 �m2). Lase

xhibited two different points with some aggregates with higher
mount of NiTsPc than others (Fig. 4B). NiTsPc bands appeared at
335 and 1552 cm−1, corresponding to the phthalocyanine (pyrrole
tretching) and another one at 1006 cm-1 attributed to SO3group
rom NiTsPc. The nanocomposite film of (PEI/Na+MMT/PEI/NiTsPc)5
Fig. 4C) presented the characteristic bands of NiTsPc shifted to
igher energies: pyrrole stretching (from 1335 to 1341 cm−1 and

rom 1552 to 1554 cm−1) and sulfonated groups stretching (from
006 to 1125 cm−1) when compared to the (PEI/NiTsPc)5 film, indi-
ating the possibility of stronger interaction between the materials

hen in the quadri-layer structured film.

Topographical (3D) and phase (2D) images obtained with AFM
f three films structures, in a 25 �m2 window are depicted in
ig. 5. From topographic images the calculated root mean square
and (C) composite film of (PEI/Na MMT/PEI/NiTsPc)5 on Si plates. The arrays show
t 632.8 nm.

(RMS) roughness values for (PEI/Na+MMT)5, (PEI/NiTsPc)5, and
(PEI/Na+MMT/PEI/NiTsPc)5 films are 18.3 ± 2.5 nm,  58.1 ± 14.2 nm,
and 82.2 ± 13.1 nm,  respectively. Phase imaging presented at the
right side of Fig. 5, highlight the increase on homogeneity for
quadri-layer film, if comparing to Fig. 5A and B in which the colour
variation represents the difference on surface softness the map
colour variation in Fig. 5C is negligible. From Fig. 4A it is pos-
sible to observe clay aggregates in the film surface that suggest
the film growth is controlled by aggregation of grown grains as
also observed in Fig. 5A which explain the low roughness value

obtained. It is worth to note that the sum of roughness of archi-
tectures 1 and 2 is 8% lower than the architecture 3 because of
synergistic effect that can lead to an enhance on sensing system as
will be discussed.
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Fig. 5. 3D and 2D tapping mode AFM images of (A) (PEI/Na+MMT)5 film, (B

.2. DA detection by differential pulse voltammetry

Fig. 6 depicts the DPV profile for detection of different con-
entrations of DA in pH 7.0 phosphate buffer applying the
TO electrodes modified with the LbL films of (PEI/Na+MMT),
PEI/NiTsPc), and (PEI/Na+MMT/PEI/NiTsPc). After the first injec-
ions of DA, just one anodic peak was observed at about + 0.28 V,
hich is attributed to the oxidation of dopamine to o-
opaminoquinone (o-DQ) in a two electron oxidation process (E1
tep, Eq. (1) at Fig. 7) [43,44]. Subsequently, when the amine
s deprotonated, an intramolecular cyclization of o-DQ via 1,4-

ichael addition leads to the production of leucodopaminechrome
LDC) [44,45] by the C step (Eq. (2) in Fig. 7). LDC can experience a
wo-electron oxidation to form dopaminochrome (DC) [43,44] (E2
tep at Fig. 7), which can be observed at + 0.45 V in the same way
hat found by [46]. This peak appears after oxidation of the first
njections of DA (see Fig. 6).

Before the DPV tests, the two architectures composed by NiTsPc
ere submitted to a series of voltammetric cycles until the sta-
ilization (see Supporting information – Fig. S1). Fig. 6 exhibits
he DPV results for ITO/(PEI/Na+MMT)10, ITO/(PEI/NiTsPc)10, and
TO/(PEI/Na+MMT/PEI/NiTsPc)10 electrodes, while Table 1 exhibits
I/NiTsPc)5 film, and (C) (PEI/Na+MMT/PEI/NiTsPc)5 film on mica substrate.

the analytical parameters for each one. The limit of detection
(LOD) was calculated in accordance with IUPAC recommendation
as follows: 3 × SD/b, where SD is the standard deviation of the
10 measurements of blank and b is the sensitivity determined as
the slope of the calibration curve [47]. The ITO/(PEI/Na+MMT)10
electrode demonstrated poor reproducibility checked by the large
deviation bars and considerable low R2 value (0.958), which can
be related to uncontrolled LbL film growth (verified at Fig. 2A).
Architectures containing NiTsPc presented lower potential for
oxidation peak with better separation from the second oxida-
tion peak (at 0.48 V) (Fig. 6B,C). Additionally, a broader linear
range was achieved from 50–600 and from 20–600 �mol  L−1 for
ITO/(PEI/NiTsPc)10 and ITO/(PEI/Na+MMT/PEI/NiTsPc)10, respec-
tively, and also an improved linear adjust values. The presence of
NiTsPc was  capable of decreasing the oxidation potential, leading
to a better separation of first and second oxidation peaks. The syn-
ergistic effect from quadri-layers of (PEI/Na+MMT/PEI/NiTsPc)10
provided a higher detection range and a lower LOD. Montomoril-
lonite clays are known to its adsorption properties, however, in

the (PEI/Na+MMT)10 film, in the absence of the NiTsPc, because
of its low catalytic property, the highest dopamine oxidation
potential (E = 0.29 V) and a narrow linear range of detection
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Fig. 6. DPV profile plots of anodic peak current vs. DA concentration on (A) ITO/(PEI/Na+MMT), (B) ITO/(PEI/NiTSPc), and (C) ITO/(PEI/Na+MMT/PEI/NiTsPc)5 electrodes in
0.1  mol  L−1 pH 7.0 phosphate buffer.

Table 1
Analytical parameters for the three LbL architectures tested for DA detection.

Electrode Epa (V) Sensitivity (�A cm−2) (�mol  L−1)−1 Linear range (�mol  L−1) R2 LOD  (�mol L−1)

+ −2

(
o
d
1
N
p
d
o
a

ITO/(PEI/Na MMT)10 0.29 5.38 × 10
ITO/(PEI/NiTsPc)10 0.28 9.42 × 10−2

ITO/(PEI/Na+MMT/PEI/NiTsPc)10 0.28 7.33 × 10−2

50–300 �mol  L−1) were observed, and also a relatively high LOD
f 2.58 �mol  L−1. Due to the great catalytic activity towards
opamine oxidation, the (PEI/NiTsPc)10 film exhibited LOD of
.71 �mol  L−1 and a linear range of 50–600 �mol  L−1. When
a+MMT  and NiTsPc are present in the same film architecture com-
osing (PEI/Na+MMT/PEI/NiTsPc)10 film, the sensor was  capable of

ecrease the LOD (1.39 �mol  L−1) and increase the dynamic range
f the sensor adding up the absorption capacity of clay and cat-
lytic activity from phthalocyanines. This LbL structure was then
50–300 0.958 2.58
50–600 0.991 1.71
20–600 0.992 1.39

applied to the DPV tests in the presence of the common AA and UA
interferents.

3.3. DA detection in the presence of UA and AA

The interference of AA and UA represents a major problem for

the electrochemical detection of DA in real samples because of
the similar oxidation peaks resulting in an overlapped voltammet-
ric response. Also, the AA is present in vivo at concentrations of
100–1000-fold higher than the DA concentrations [6,48]. Fig. 8A
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Fig. 7. General mechanism of the electrochemical behavior of DA. “E” denotes the electrochemical reactions while “C” denotes the chemical reaction.
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ig. 8. (A) DPV profile of ITO/(PEI/Na+MMT/PEI/NiTsPc)10 electrode on phosphate 

A + 200 �mol  L−1 UA + 20 �mol  L−1 DA (d). (B) DPV profile ITO/(PEI/Na+MMT/PEI/N
−1 UA. (C) Relationship between current density and DA concentration from 0 – 60

hows the DPV profile on ITO/(PEI/Na+MMT/PEI/NiTsPc)10 elec-
rode in pure phosphate buffer (curve a), in which appears an
xidation peak at ∼0.8 V from oxidation of Ni2+/Ni3+ [40]. In the
resence of 1 mmol  L−1 AA (curve b), it appears a discrete oxida-
ion peak at -0.22 V and the region of 0.8 V has an evident increase.
fter injection of 200 �mol  L−1 UA (curve c), another increase in the
xidation peak at 0.8 V was observed. However, after 20 �mol  L−1
A (curve d) its oxidation peak is clearly identified at 0.28 V. Fig. 8B
hows the detection of various DA concentrations in the presence of

 mmol  L−1 AA and 200 �mol  L−1 UA. The oxidation peak current of
A at 0.28 V vs. DA concentration presented an exponential growth
 (a), and 1 mmol  L−1 AA (b), 1 mmol L−1 AA + 200 �mol L−1 UA (c), and 1 mmol L−1

10 in different concentrations of DA in the presence of 1 mmol L−1 AA and 200 �mol
ol  L−1, and (D) linear range from 5 – 150 �mol  L−1.

as shown in Fig. 8C, with the linear behavior up to 150 �mol L−1. The
LOD or the sensitivity of the sensor were not harmed by the pres-
ence of the UA and AA, and were equal to 1.01 �mol  L−1 and 0.26
(�A cm−2) (�mol  L−1)−1, respectively. However, the linear range
was sharpened with the film achieving the saturation quicker than
when DA is pure in phosphate solution.

The ITO/(PEI/Na+MMT/PEI/NiTsPc)10 results for DA detection is

comparable to other electrochemical sensors in the recent litera-
ture, as summarized at Table 2. Comparing it with other LbL films
onto ITO substrates, it exhibited consistent LOD value and higher
range of detection. Recent publications have achieved significantly
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Table  2
Comparison of different modified electrodes for electrochemical detection of DA.

Electrode LOD (�mol  L−1) Detection method Detection range (�mol L−1) Ref.

LbL film (SiPy+Cl−/NiTsPc)2
a 16.8 SWV  10–99 [51]

LbL  film (PAH/FePc)5
b 0.86 VC 2–97 [52]

Binuclear cooper (II) modified Auc 0.08 DPV 0.2–30 [49]
TiO2-graphened 2.0 DPV 5–200 [53]
Pristine Graphene/GCEe 2.0 Amperometry 5–710 [54]
GO/GCEf 0.27 DPV 1.0–15 [55]
AuNPS-PTAP/GCEg 0.017 DPV 0.15–1.5 [50]
ITO/(PEI/Na+MMT/PEI/NiTsPc)5 1.0 DPV 5–150 This work

a ITO electrode modified with LbL film of 3-n-propylpyridinium silsesquioxane polymer (SiPy+Cl−) and NiTsPc.
b ITO electrode modified with LbL film of poly(allylamine) hydrochloride (PAH) and iron phthalocyanine (FePc).
c Gold electrode modified by self-assembly of Cu II complex N,N-dimethylformamide.
d Drop cast of hydrothermally prepared TiO2-graphene on GCE.
e Liquid-phase exfoliation of graphite on GCE.
f GO solution cast on NHS/EDC activated GCE electrode.
g GCE modification by electrochemically polymerization of poly(2,4,6-triaminopyrmid

Table 3
Measurements performed in human urine samples spiked with 3.0 �mol  L−1 DA
using the ITO/(PEI/Na+MMT/PEI/NiTsPc)10 electrodes.

Sample DA concentration (�mol  L−1) DA measured (�mol  L−1) Recovery (%)
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1 3.0 2.82 94
2  3.0 3.34 111

ower LOD values, as reported by [49,50], however, it is worth to
ention the complexity of the sensor device fabrication and also

he narrow range of detection obtained for these devices.

.4. Real sample analysis

In order to evaluate the sensor applicability in real sam-
les, human urine without any preliminary treatment or dilution
as spiked to final DA concentration of 3.0 �mol  L−1. This con-

entration was chosen considering the dynamic range of our
ensor and also because it is the upper reference level (URL)
n urine (3300 nmol/24 h in adult subjects [56]). DA level higher
han the URL can be related with drug effects (including intra-
enous DA, L-dopa, antidepressants, etc.) and clinical effects
including phaeochromocytoma, carcinoid tumour and pregnancy)
56]. The results were obtained (Table 3) directly immersing the
TO/(PEI/Na+MMT/PEI/NiTsPc)10 electrodes in the urine samples
iving the DA concentration of 2.82 and 3.34 �mol  L−1, a recovery of
4% and 111%, respectively. These deviations of the real concentra-
ion are due to the matrix effects. Different compounds in the urine,
s ascorbic acid, glucose, leucine, glycine, tartrate, citrate, bicarbon-
te, caffeine, etc. interfere in the background current. Additionally,
rine proteins concentration is between 100–200 mg/L [57], which
an adsorb in the sensor surface hampering the detection and lead-
ng to the deviations from the real concentration detection.

. Conclusions

A DA sensor was successfully assembled by a simple and versa-
ile LbL technique composed by Na+MMT  and NiTsPc. A structural
haracterization was performed to understand the assembly of
bL film, which indicated that electrostatic interactions are the
ain driving force for the (PEI/Na+MMT)  film formation while the

PEI/NiTsPc) film growth was governed by the salt bridges forma-
ion. The synergistic effect between the materials in the LbL film
omposition allowed a better separation of the first and the second

xidation peaks of DA, a decreased LOD, and an enhanced detection
ange. A LOD of 1.01 �mol  L−1 of DA was achieved in the presence of
A and UA. The human urine sample spiked with 3.0 �mol  L−1 of DA
as successfully tested showing the applicability in real analysis.

[

ine (PTAP) decorated with gold nanoparticles.
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