
Article

Role of Iron Phthalocyanine Coordination in
Catecholamines Detection

Cibely S. Martin, Rafael J. G. Rubira, Jaqueline N. Silva and Priscila Aléssio *

����������
�������

Citation: Martin, C.S.; Rubira, R.J.G.;

Silva, J.N.; Aléssio, P. Role of Iron

Phthalocyanine Coordination in

Catecholamines Detection. Surfaces

2021, 4, 323–335. https://doi.org/

10.3390/surfaces4040027

Academic Editor: Gaetano Granozzi

Received: 9 November 2021

Accepted: 8 December 2021

Published: 12 December 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

School of Technology and Applied Sciences, São Paulo State University (UNESP),
Presidente Prudente 19060-080, SP, Brazil; cibely.martin@unesp.br (C.S.M.); rafael.rubira@unesp.br (R.J.G.R.);
jaqueline.nascimento@unesp.br (J.N.S.)
* Correspondence: priscila.alessio@unesp.br

Abstract: Catecholamines are an important class of neurotransmitters responsible for regularizing,
controlling, and treating neural diseases. Based on control and diseases treatment, the development
of methodology and dives to sensing is a promissory technology area. This work evaluated the role
of iron phthalocyanine coordination (FePc) with the specific groups from catecholamine molecules
(L-dopa, dopamine, epinephrine, and the amino acid tyrosine) and the effect of this coordination on
electrochemical behavior. The in situ coordination analysis was performed through isotherms π-A of
FePc Langmuir films in the absence and presence of catecholamines. The π-A isotherm indicates a
strong interaction between FePc monolayer and L-Dopa and DA, which present a catechol group and
a side chain with a protonated amino group (-NH3

+). These strong interactions with catechol and
amine groups were confirmed by characterization at the molecular level using the surface-enhanced
Raman spectroscopy (SERS) from a Langmuir–Schaefer monolayer deposited onto Ag surfaces. The
electrochemical measurements present a similar tendency, with lower oxidation potential observed
to DA>L-Dopa>Ep. The results corroborate that the coordination of the analyte on the electron
mediator surface plays an essential role in an electrochemical sensing application. The FePc LS film
was applied as a sensor in tablet drug samples, showing a uniformity of content of 96% for detecting
active compounds present in the L-Dopa drug samples.
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1. Introduction

Catecholamines are a group of similar neurotransmitter hormones produced in
the adrenal medulla. The main catecholamines are norepinephrine, epinephrine, and
dopamine. Usually, catecholamines and their metabolites are present in the body in small
variable amounts, which only increase considerably during and soon after physical or
emotional stress [1]. Studies in humans have implicated prefrontal catecholamines in the
control of cognitive functions. Many of these cognitive functions are disrupted in mental
disorders. Therefore, an imbalance in prefrontal catecholamines has been associated with
these mental illnesses, such as Parkinson’s disease [2], Alzheimer’s [3], and schizophre-
nia [4]. Thus, it is crucial to develop sensitive and selective techniques or methodologies to
determine neurotransmitters in biological relevant concentrations to provide a means of
diagnosis and possible treatment of the related neurological diseases.

Because iron chelators and catecholamines form complexes, the study of iron in clinical
practice as a protecting agent against catecholamine-induced oxidative injury is reported [5].
Oni and Nyokong [6] detailed the interaction between iron (II) tetrasulfophthalocyanine
and serotonin and dopamine neurotransmitters. They prove that the interaction results
in the coordination of dopamine and serotonin to [FeTSPc]4−, followed by internal elec-
tron transfer and the formation of [(DA+)FeITSPc]4− and [(5-HT+) FeITSPc]4− complexes,
respectively [6]. In the same way, the use of iron-based nanostructures [7,8], metallopor-
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phyrin [9,10], and metallophthalocyanines [11–13] to detect catecholamines is widely found
in the literature.

Here, we report taking advantage of the Fe-catecholamines complex formation to
optimize the catecholamines detection and overcome the interference difficulty once the
structures of these molecules are quite similar. For that, we use the techniques of Surface-
Enhanced Raman Scattering allied to cyclic voltammetry and data projection.

2. Materials and Methods
2.1. Reagents and Solutions

Iron (II) phthalocyanine (FePc, Kodak, MW = 568.38 g/mol) was applied as coordi-
nation material in Langmuir films, SERS, and electrochemical analysis. The evaluation of
coordination and interaction with the FePc molecules were carried out using the amino acid
L-tyrosine (Ty, Sigma Aldrich) and the catecholamines: 3,4-dihydroxy-L-phenylalanine
(L-Dopa, Sigma), dopamine hydrochloride (DA, Fluka), and (−)Epinephrine (Ep, Sigma).
Potassium chloride (KCl, Sigma Aldrich) was used as a supporting electrolyte in the elec-
trochemical measurements. All aqueous solutions were prepared with a Millipore Milli-Q
system (resistivity ≥ 18 MΩ.cm).

2.2. Langmuir Films

The Langmuir films were grown using a KSV Langmuir trough model 2000 (Biolin
Scientific) by spreading 500 µL of a 0.5 mg/mL FePc solution dissolved in DCM, with
symmetric compression at 10 mm/min. The FePc Langmuir films were formed in the
absence and presence of catecholamines at 10−5, 10−4, and 10−3 mol/L and analyzed
through π-A isotherm.

2.3. SERS Analysis

Langmuir monolayer of FePc in the absence and presence of catecholamines (at
10−4 mol/L) was deposited onto Ag substrate (5 nm of Ag thickness obtained from physical
vapor deposition—PVD) at 24 mN/m by Langmuir–Schaefer (LS) deposition, which was
carried out using the horizontal contact of the substrate surface to the air/water interface
(manually). The SERS spectra were collected by a spectrograph Renishaw inVia, with a
633 nm laser line (1800 l/mm) coupled to a Leica optical microscope (objective lens of 50×).

The SERS spectrum of FePc and FePc/catecholamine LS films were also analyzed by
using Interactive Document Mapping (IDMAP) [please, insert here the reference “Rosane
Minghim, Fernando Vieira Paulovich, and Alneu de Andrade Lopes, Content-based Text
Mapping Using Multi-Dimensional Projections for Exploration of Document Collections,
Proceedings of SPIE-IS&T Electronic Imaging—Visualization and Data Analysis—VDA
2006], whose function is defined as follows:

SIDMAP =
δ
(
xi, xj

)
− δmin

δmax − δmin
− d

(
yi, yj

)
(1)

where δ and d are the distance functions defined for the original SERS spectra (X = {x1,x2,
. . . xn} and projected spaces (Y = y1,y2 . . . yn) on the graphical markers (2D plot). The
δ(xi, xj) is defined as the distance between two data instances i and j; the δmax and δmin are
the maximum and minimum distances between the samples, respectively. The d(yi, yj) is
the distance function on the projected plane. In this case, the samples are each SERS spectra
collected through the SERS substrate for FePc and FePc/catecholamine LS films.

2.4. Catecholamines Detection by Cyclic Voltammetry

The electrochemical measurements were performed using 20 LS layers of FePc onto
ITO electrodes (c.a 1 cm2 geometric area). The cyclic voltammetry was carried out in
a 0.1 mol/L KCl aqueous solution of (pH ~ 5.6) as a supporting electrolyte, to which
1.2 × 10−4 mol/L of each catecholamine was added to study catecholamine oxidation. All
electrochemical analyses were performed in an electrochemical cell with three-electrode:
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Ag/AgCl as a reference electrode, Pt wire as a counter electrode, and ITO modified as a
working electrode, applying a potential range of −1 to +1 V with a 25 mV/s of scan rate.

The FePc LS films were evaluated as L-dopa sensors in pharmaceutical drug samples.
The sample preparation was based on a drug tablet that was ground up, which was
transferred to an Erlenmeyer flask and to which was added approximately 50 mL of cold
ultrapure water. The solution, with a reddish color, was kept under constant agitation for
10 min in an ice bath. Then, the solution was filtered and placed in a volumetric flask, and
the volume was adjusted to 100 mL with cold ultrapure water. The filtration removed the
excipients in suspension. The solution was kept in an ice bath, and the electrochemical
measurements were performed one hour after preparing the drug sample.

3. Results and Discussion

In general, free iron can be complex to catechol groups providing coordination through
oxygen atoms [14]. The MPc also showed interesting coordination with the oxygen [15] and
nitrogen atom [16,17]. Thus, we evaluated the possible coordination of some catecholamine,
which has both catechol and amine groups in the structure, with the FePc. The interaction
was assessed by forming FePc Langmuir films in the absence and presence of catecholamine:
L-Dopa, DA, and Ep. Analysis in the presence of Ty (a catecholamine precursor, was also
evaluated to reinforce the structure effect on the FePc coordination. The FePc interaction
with different concentrations of catecholamine was evaluated through π-A isotherms
(Figure 1).
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The π-A isotherms of FePc in the aqueous subphase showed a characteristic extrap-
olated area of c.a 16 Å2 [18,19], which indicates some packing degree even in ultrapure
water [19]. In the presence of Ty and catecholamine, changes in the collapse range and a
shift on the extrapolated area were observed (Figure 2), respectively. Here, it is important to
note that not all molecules can show a charge in an aqueous solution according to subphase
pH (Figure 2), directly influencing the interaction with the FePc monolayer.
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Figure 1A shows a slight shift (to c.a 17 Å2) to the FePc isotherm in the Ty subphase
compared to the ultrapure water subphase. For concentrations of 10−3 and 10−4 mol/L,
there is a decrease in the collapse pressure of the FePc. Reductions in the collapse pressure
can be ascribed to the organized reorganization of monolayer forming a tridimensional
structure through a horizontal break [20]. The decreases in collapse pressure can also
be observed during the in-situ complexation of organic ligand and metal ions present
in the subphase [21]. According to Phan, Lee, and Shin [20], experimental conditions,
i.e., temperature, ion presence, subphase pH, and compression rate, can also alter the
collapse pressure.

A similar change in the collapse range of the π-A isotherm was also observed in
the FePc monolayer at the L-Dopa subphase. Comparing the chemical structure of Ty
and L-Dopa, both molecules have the same side chain and a zwitterion charge, which
suggests that interaction with the side chain promotes collapse changes. On the other hand,
the FePc π-A isotherms in the presence of 10−3 and 10−4 mol/L L-Dopa in the subphase
showed displacements of 6.8 and 1.6 Å2 to the smaller extrapolated area, respectively. The
lower concentration of L-Dopa (10−5 mol/L) causes similar displacements and collapse
pressure observed in the presence of Ty. The displacement to the smaller extrapolated area
can be ascribed to loss of interface material to subphase and the increases of the packing
degree of the molecules present at the interface [18]. Considering that FePc showed a high
packing degree through π-π interaction, the L-Dopa can promote increases of this packing
degree. In this case, the interaction can be ascribed to the coordination of FePc with the
catechol group. Indeed, the Fe atom shows interaction with the catechol group through
the formation of the Fe-O bond [22]. Moreover, catecholamine like L-Dopa, DA, and Ep
can undergo oxidation in solution, resulting in indoline-like cyclodopa (cyclic species)
and auto-polymerization [23–25]. Thus, the formation of this species at 10−3 mol/L of
catecholamines at subphases can also occur, and the catechol group also influences the
FePc packing from cyclic species.

The FePc coordination through the catechol group was reinforced by π-A isotherm of
FePc obtained at the DA subphase, once it also showed a displacement to a smaller area
and in L-Dopa subphase. π-A isotherm showed the displacement of 2.6, 6.9, and 9.2 Å2

for DA concentrations of the 10−5, 10−4, and 10−3 mol/L, respectively (Figure 1C). The
displacement observed for FePc π-A isotherms was higher for DA than L-Dopa, reinforcing
that the FePc molecules’ packing degree at the interface (monolayer) is promoted by
the catechol group. The DA also has a -NH3

+ group in the side chain, which can also
interact with the Fe center from the FePc molecule [16], increasing the DA interaction with
FePc molecules. The DA subphase did not promote changes in the collapse range of the
π-A isotherm.

The π-A isotherms thus indicate that the deprotonated carboxylic group (COO−) in
the side chain of Ty and L-Dopa is assigned to the reorganization of the monolayer while
the catechol and -NH3

+ group play an important role in the packing degree of FePc. The
increases in the packing degree of FePc in solution and of the Langmuir monolayer is
influenced by the Fe-O and Fe-N coordination. The displacement to a smaller extrapolated
area was also observed in Langmuir films obtained from FePc solution prepared in the
different solvents [16,18,26,27]. The solvents DMF, DMSO, and DMA promoted the forma-
tion of FePc dimer in solution and also an increase in the molecular packing of Langmuir
monolayer [16,18,26,27]. The authors ascribed this arrangement to the coordination of FePc
with an oxygen or amine group present in the solvents [16,18,26,27]. Based on this, the
higher effect observed on the packing of FePc on the Langmuir film at DA subphase can be
ascribed to the presence of both catechol (oxygen atom) and amino group (nitrogen atom).

At 10−3 mol/L, the higher effect can also be ascribed to cyclic species once the DA
showed a higher polymerization reactivity than L-Dopa [25]. This behavior is also ob-
served by the π-A isotherm of FePc at Ep subphase (Figure 1D). The FePc π-A isotherm
in the presence of 10−3 mol/L Ep showed a higher displacement and a straight profile.
In this case, color change in solution was observed before barrier compression, ascribed
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to fast Ep oxidation and polymerization in aqueous solution. The Ep showed a higher
polymerization reactivity than DA and L-Dopa [25], which influenced the FePc packing
on the monolayer. The Ep at lower concentrations (10−5 and 10−4 mol/L) showed similar
displacement observed with L-Dopa (Figure 2). The principal difference in the Ep chem-
ical structure is in the side chain, showing a hydroxyl group at 3-carbon-position and a
secondary amine. Thus, the displacement observed in the FePc π-A isotherm in lower
Ep concentration reinforces that both the catechol group and side-chain influence FePc
packing and organization as Langmuir films.

The results from π-A isotherm showed that the chemical structure, charge, and con-
centration of catecholamine influence the organization and the packing degree of FePc
monolayers. These slight differences can contribute to the development of sensors with a
selectivity detection of these molecules. Thus, to reinforce the interaction described here,
the FePc monolayer in the presence of catecholamines was transferred to Ag solid substrate
as LS film and characterized by using SERS.

3.1. SERS Analysis

Monolayers of the FePc Langmuir film were deposited on Ag island substrates in
the presence of respective catecholamines in the subphase (10−4 mol/L) for the spectral
analysis at the molecular level. The SERS spectra obtained for FePc LS film deposited on
Ag substrate (Figure 3) showed the characteristic bands ascribed to vibrational modes of
the Pc macrocycle [16]. The main vibrational assignments of the SERS spectra of FePc film
in Ag in the absence and presence of catecholamines EP, DA, LDA, and Ty are shown in
Table 1. However, for the FePc LS/catecholamine films, new bands were observed in the
1300 to 1700 cm−1 wavenumber range. No changes were observed in the SERS spectra for
FePc+Ty film, in agreement with the π-A isotherm results. Thus, the Ty molecule interacts
with the Langmuir monolayer, promoting a molecular reorganization but not complex or
coordinated chemically with FePc molecules.

Surfaces 2021, 4 FOR PEER REVIEW  7 
 

polymerization reactivity than DA and L-Dopa [25], which influenced the FePc packing 

on the monolayer. The Ep at lower concentrations (10−5 and 10−4 mol/L) showed similar 

displacement observed with L-Dopa (Figure 2). The principal difference in the Ep chemi-

cal structure is in the side chain, showing a hydroxyl group at 3-carbon-position and a 

secondary amine. Thus, the displacement observed in the FePc π-A isotherm in lower Ep 

concentration reinforces that both the catechol group and side-chain influence FePc pack-

ing and organization as Langmuir films. 

The results from π-A isotherm showed that the chemical structure, charge, and con-

centration of catecholamine influence the organization and the packing degree of FePc 

monolayers. These slight differences can contribute to the development of sensors with a 

selectivity detection of these molecules. Thus, to reinforce the interaction described here, 

the FePc monolayer in the presence of catecholamines was transferred to Ag solid sub-

strate as LS film and characterized by using SERS. 

3.1. SERS Analysis 

Monolayers of the FePc Langmuir film were deposited on Ag island substrates in the 

presence of respective catecholamines in the subphase (10−4 mol/L) for the spectral analy-

sis at the molecular level. The SERS spectra obtained for FePc LS film deposited on Ag 

substrate (Figure 3) showed the characteristic bands ascribed to vibrational modes of the 

Pc macrocycle [16]. The main vibrational assignments of the SERS spectra of FePc film in 

Ag in the absence and presence of catecholamines EP, DA, LDA, and Ty are shown in 

Table 1. However, for the FePc LS/catecholamine films, new bands were observed in the 

1300 to 1700 cm−1 wavenumber range. No changes were observed in the SERS spectra for 

FePc+Ty film, in agreement with the π-A isotherm results. Thus, the Ty molecule interacts 

with the Langmuir monolayer, promoting a molecular reorganization but not complex or 

coordinated chemically with FePc molecules. 

 

Figure 3. (A) SERS spectra obtained for FePc LS monolayer onto Ag substrate. The FePc LS monolayers were also deposited 

in the presence of Ty, L-Dopa, DA, and Ep (10–4 mol/L). (B) Magnification of the SERS spectra from 1300 to 1700 cm–1. 

In the SERS spectra of FePc+L-Dopa and FePc+DA, a new band at 1386 cm−1 ascribed 

to NH2 antisymmetric deformation [28] and at 1498 cm−1 ascribed to a characteristic band 

from the catechol group, v19b (catechol ring breathing) [29,30], were observed. The broad-

band c.a 1597 cm−1 is ascribed to C-C stretching, C-H in-plane bending from catechol ring 

[31], and 8a vibrational mode [32]. The new bands observed reinforce that L-Dopa and 

Figure 3. (A) SERS spectra obtained for FePc LS monolayer onto Ag substrate. The FePc LS monolayers were also deposited
in the presence of Ty, L-Dopa, DA, and Ep (10−4 mol/L). (B) Magnification of the SERS spectra from 1300 to 1700 cm−1.

In the SERS spectra of FePc+L-Dopa and FePc+DA, a new band at 1386 cm−1 ascribed
to NH2 antisymmetric deformation [28] and at 1498 cm−1 ascribed to a characteristic
band from the catechol group, v19b (catechol ring breathing) [29,30], were observed. The
broadband c.a 1597 cm−1 is ascribed to C-C stretching, C-H in-plane bending from catechol
ring [31], and 8a vibrational mode [32]. The new bands observed reinforce that L-Dopa
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and DA can interact through both the catechol group and amine group, an interaction
also proposed from π-A isotherm results. The orientation, resultant of both catechol and
amine group interaction, can also be observed in SERS measurements of L-Dopa and
DA in Ag colloid [28,33]. Figueiredo et al. [28] reported that the catechol group showed
higher reactivity and a metal-O bond with monoanionic catechol group formation after
contact with metal surfaces. These results indicate an important role of the side chain in
adsorption for DA SERS detection. Cao et al. [34] described DA and Ep detection using
gold nanoparticles functionalized with Fe-NTA complexes, showing an intense band at
1481 cm−1 ascribed to v19b vibrational mode. Shi et al. [32] showed similar results for DA
detection using the silver nanoparticles functionalized with Fe-NTA complexes, the v19b
vibrational mode observed at 1480 cm−1.

The band area decreases at 1517 cm−1 (45% in L-Dopa and 45% in DA) were ascribed
to CNC stretching and C-H deformation from FePc macrocycle [28–30], suggesting that L-
Dopa and DA interaction occur preferentially in the central coordination of FePc. The band
at 1403 cm−1 (CNC stretching, pyrrole expansion, and CH in-plane bending) present in the
FePc SERS spectra [16,35,36] has vanished in the SERS spectra obtained to FePc+L-Dopa
and FePc+DA, reinforcing interaction of these molecules at the FePc center, which makes it
difficult to determine the vibrational mode’s relation to Pc macrocycle.

Opposite to what was observed in the isotherm results, the SERS spectra from FePc+Ep
film did not show any changes compared to the FePc spectra. This behavior can be ascribed
to fast oxidation and polymerization of Ep in solution, which promotes important changes
in the FePc organization as the Langmuir monolayer. However, the interaction is weak, as
observed in the presence of Ty. Thus, we conclude that catechol+NH3

+ (from side chain)
plays an essential role in coordinating FePc.

Table 1. Vibrational assignments of the SERS spectra collected to LS FePc film deposited ontoAg in absence and presence of
catecholamines EP, DA, LDA, and Ty.

FePc FePc+EP FePc+DA FePc+LDA FePc+Ty Assignments

—— —— 1386 —— —— NH2 antisymmetric deformation [28],
C-H2 torcion and bending [37]

1403 1403 —— 1403 1403 CNC stretching, pyrrole expansion, and CH in-plane bending [16]

1429 1429 1429 1429 1429 CH2 in-plane deformation [28]

1450 1450 1450 1450 1450 C-O-H in-plane deformation,
C-C stretching [37]

—— —— 1498 —— 1498 C-C stretching + C-H in-plane deformation mode + C-OH stretching
[38]

1517 1517 1517 1517 1517 CNC stretching and C-H deformation [28,29]

1529 1529 Stretching of the catechol group [28,29]

1532 1532 1532 [6,7] CNC stretching, C-H deformation [16,35,36]

The same interaction pattern observed in the SERS spectra of Figure 3 was visualized
through a multidimensional projection, normalized IDMAP (Figure 4). In this case, each
point corresponds to one SERS spectrum of FePc and FePc/catecholamine LS films. Clusters
are similar by distance—the farther apart from each other, the greater the interaction. The
FePc+Ty and FePc+Ep SERS spectra cluster are closer to the FePc SERS spectra cluster in
the projection. The cluster of FePc+DA and FePc+L-Dopa SERS spectra showed the greatest
distance, indicating greater changes concerning the FePc SERS spectrum. These results rein-
force that of the studied molecules, L-Dopa and DA have greater interactions/coordination
with FePc.
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3.2. Electrochemical Measurements

Interaction of catecholamines and FePc effects on electrochemical detection was eval-
uated using the ITO electrode modified with 20 LS layers of FePc. Potential cycles of
the FePc LS films were performed in the absence and presence of catecholamines at
1.2 × 10−4 mol/L (Figure 5). The FePc LS films showed a quasi-reversible process at
Epa = −530 and Epc = −800 mV ascribed to oxidation and reduction of FePc [39]. Cate-
cholamines changed the FePc redox process and created an irreversible oxidation peak
ascribed to oxidation of catechol groups (except for Ty) [40]. The catechol group generally
shows a reversible peak ascribed to the catechol/quinone redox couple [41]. However,
in this case, the catecholamine (L-Dopa, DA, and Ep) interaction at FePc LS film surface
promoted irreversible catechol oxidation due to adsorption of molecules on the film surface
after the first anodic potential cycle. The irreversibility was observed only after the second
potential cycle [11]. The anodic peak potential showed a shift to more positive values from
DA>L-Dopa>Ep (190, 201, and 215 mV, respectively). Thus, once all the catecholamines
studied showed the same catechol group, the changes in the potential redox values sug-
gest that the catechol group and the amine chain influence adsorption/interaction of
catecholamines at the FePc film surface.
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The influence of both sides of catecholamine (catechol and amino groups) in the
interaction with the FePc film surface can be observed by decreasing the FePc redox process
at negative potential. The smaller changes were observed in the Ty solution, suggesting a
weak interaction with the FePc film surface, even under successive cyclic potential ranges.
In a platinum electrode, the tyrosine oxidized at a potential higher than 1.0 V and the
presence of molecular oxygen made it be adsorbed onto the electrode surface through
the carboxylic and phenol groups as described by Ogura et al. [42]. Enche et al. [43] also
described the dependence of molecular oxygen in solution and the adsorption of Ty onto
a glassy carbon electrode, which is pH-medium-dependent [43]. However, in our case,
the weak interaction between FePc and Ty makes difficult the electron transfer to phenol
oxidation at a potential lower than 1.0 V. On the other hand, the L-Dopa showed a higher
current decrease of the FePc redox process than Ty, supporting that the presence of a
catechol group can have a significant influence once L-Dopa shows the same side chain of
the Ty. The Ty also showed less interaction with FePc molecules from Langmuir and SERS
measurements, reinforcing that molecules with catechol groups can influence more than
phenol groups (Ty in this case).

The L-Dopa and DA showed a similar effect on the peak current of the FePc redox
process. This effect can be ascribed to the adsorption of the catechol group and interaction
through -NH3

+ group, once the N atom also showed an interaction with iron metal as
described above. However, the DA showed a higher catechol peak current and a smaller
anodic redox potential than L-Dopa, indicating that adsorption in the FePc film is favored
by both the catechol group and -NH3

+ group, but the carboxyl group from L-Dopa can affect
the interaction through the side chain. This result agrees with the displacement observed in
Langmuir films, in which DA showed a higher displacement at all concentrations evaluated
than L-Dopa. In addition, the SERS and IDMAP projection also showed a similar effect
of L-Dopa and DA, ascribed to structure effect. The adsorption process was investigated
through potential cycles in supporting electrolytes after analysis in L-Dopa. The anodic
peak current values were linear with the scan rate (Figure 6A), indicating a surface process
(adsorptive process), which reinforces the hypothesis that adsorption of L-Dopa occurs on
the FePc film surface.

In the case of Ep, the presence of the methyl radical at the end of the side chain
can reduce the adsorption process on the film surface. Still, it facilitates the process of
electron transfer from the catechol group to the electrode surface. This effect can be
observed through higher intensities of oxidation current of the catechol group obtained in
the presence of Ep.
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Figure 6. Variation of the anodic current peak with a scan rate of FePc LS films in KCl 0.1 mol/L after
successive potential cycles in the presence of 1.2 × 10−4 mol/L L-Dopa.
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3.3. Application in Drug Samples

The FePc LS film was applied as a sensor to detect L-Dopa in a commercial tablet
used in Parkinson’s disease. Thus, the interfering study was carried out using the active
electrochemical compound present in this drug. The commercial tablet used here comprises
200 mg of L-Dopa and 50 mg of benserazide hydrochloride per tablet (250 mg of active
compound). Cyclic voltammetry was performed in 1:1 and 4:1 (mol/mol) of L-Dopa and
benserazide and 2.4 × 10−4 mol/L benserazide (Figure 7A). In benserazide (standard),
a minimal redox process at ca. 240 mV was observed, ascribed to the oxidation of the
pyrogallol group [44]. The benserazide showed a significant difference in molecular
structure (Figure 7B), and the side chain showed amino, amide, and hydroxyl groups,
which provide more than one coordination site. This behavior reinforces the effect of the
side chain of the molecule’s structure on the FePc surface coordination/adsorption. Due to
both L-Dopa and benserazide adsorption, a significant decrease of the peak current was
observed in both mixtures of L-Dopa+benserazide (Figure 7C), showing interference of
c.a 45%.
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vs. Ag/AgCl. (C) The relative current ratio for detecting L-Dopa in the presence of benserazide. Relative Current = [anodic
peak current of L-Dopa+benserazide/peak current L-Dopa] ×100). (D) Chemical structure of benserazide.

The FePc LS film was thus evaluated as a sensor for detecting bioactive compounds in
commercial drug samples (L-Dopa+benserazide in this case) using the standard addition.
The analysis showed a concentration of 240 ± 44 mg, which is close to the amount of bioac-
tive compound indicated by the manufacturer (200 mg L-Dopa and 50 mg benserazide). It
is important to report that drug sample preparation influenced the result (low and room
temperature). In our case, we considered the sample preparation in the ice bath: once at
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room temperature, a color change ascribed to oxidation and polyphenol polymerization
was observed. The sample prepared in the ice bath was obtained with a uniform content
of 96 ± 18%, while at a room temperature of 89 ± 25%, was ascribed to a decrease of free
polyphenol and an increase of cycle (or polymeric) form.

The development of electrochemical sensors for the simultaneous determination of L-
Dopa and benserazide in drug samples has been reported [44–47]. Zapata-Urzúa et al. [47]
reported the application of an unmodified glassy carbon electrode for the determination of
L-Dopa and benserazide in the same commercial brand of drug samples, with the same
bioactive compound used in our study, obtaining a uniformity of content of 103.2 ± 1.1 and
96.1 ± 0.7%, when using the L-Dopa or benserazide as standard, respectively. Thus, based
on our results, FePc LS thin films can be widely applied as a sensor to determine bioactive
compounds/catecholamines in drug samples. However, the sample opening methodology
should be better investigated to possibly increase the selectivity of the applied sensors.

4. Conclusions

Through in situ analysis performed in Langmuir films and characterization at the
molecular level using the SERS technique, we observe that the catechol group and the
protonated amino group can coordinate with the iron metal center of FePc. Thus, the L-
Dopa and DA were the catecholamine molecules that showed higher adsorption at the FePc
film surface, promoting a decrease of oxidation potential. The adsorption of the catechol
group enables the irreversibility of the catechol redox couple, but the side chain is related
to the sensibility of the electrochemical sensor. Thus, the specific coordination of catechol
and protonated amino group on the iron metal center from FePc plays an essential role
in the electrochemical detection of catecholamines. The FePc LS films showed significant
application as a sensor for L-Dopa detection in drug samples, with a uniformity of content
of 96%.
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