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ABSTRACT

A copper phthalocyanine (CuPc) and functionalization multi-walled carbon nanotubes with carboxylic acids groups
(C-MWCNTs) modified glassy carbon electrode and was used to evaluate the electrochemical behavior of nitrofurazone
(NF). The modification of the glassy carbon electrode (GCE) increased the cathodic current response related to hydroxylamine
derivative in acid media and promoted electrocatalytic process with 107 mV potential anticipation, when compared to the bare
GCE. Furthermore, from pH > 9, the NF reduction appeared at the potential peak, which anticipated the hydroxylamine deriva-
tive. This peak was associated to the nitro-anion radical derivative formation in one-electron reversible process. The reduction
potential of radical was anticipated in 290 mV and the peak currents were approximately 10 times higher than the bare GCE. In
addition to that, this radical presented a lifetime twice more stable compared to bare GCE. The molecular O, was confirmed as the
best radical scavenger instead of glutathione and cysteine one. Therefore, the advantages of combining CuPc with C-MWCNT in
improving the detection properties of reduction intermediates from nitrofurazone have been presented, being an innovative,
sensitive, reproducible method that can be a useful tool for other nitroheterocyclic purposes to obtain lifetime of radical and
relate it to antichagasic activity.

1 | Introduction trypanothione disulfide—physiological substrate of this enzyme

[1, 2]. Furthermore, it is noted that these intermediates are

The comprehension of the reduction mechanism of nitrohetero-
cyclic compounds is relevant to know the parameters, which
can establish the correlation between electron transfer and
biological activity. Nitrofurazone (NF), a drug containing
the S5-nitroheterocyclic moiety (Figure 1), is active against
Trypanosoma cruzi, which is the etiologic agent of Chagas
disease. Data from the literature indicate that nitroheterocyclic
derivatives act as trypanothione reductase (TR) substrates and
are also effective enzymatic inhibitors of the reduction of

formed from the reduction reaction of these drugs and can also
cause damage to the enzymes and DNA of T. cruzi [3-5].
Therefore, the process of reduction of nitroheterocyclic and
the formation of the nitro-anion radical, R-NO, ™, is considered
a fundamental step for biological activity [6-8].

The reduction of nitroheterocyclic is a complex process and can
be carried out through two different mechanisms according
to whether the medium is anaerobic or aerobic, being in both
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FIGURE 1 | Structure of nitrofurazone (NF).

conditions; the first step is the reduction of an electron to form
the nitro radical anion [6-8].

R-NO, +e~ = R-NO,"~ (1)

In the anaerobic metabolic pathway, the nitro-anion radical gen-
erated is transformed into a nitroso derivative (ArNO) and, in
sequence, the hydroxylamine derivative (ArNHOH) is formed,
followed by the amine derivative (ArNH,) formation [6-8].
Thus, these intermediates production involves the transfer of
two, four and six electrons, respectively. Nevertheless, under aer-
obic conditions, the initial nitro compound is regenerated by the
nitro-anion radical re-oxidation producing superoxide (O, "), as
follows [6-8]:

R-NO,*~ +0, = R-NO, +0,"~ 2)
This anion will form hydrogen peroxide, either spontaneously or
under the catalytic effect of the enzyme superoxide dismutase
(SOD) [6-8].

Several results in the literature [6-10] show that the electrochemi-
cal generation and stabilization of nitro-anion radical may be
related to the characteristics of the working electrode material,
as well as to the process of treatment/activation of its surface. It
is classically known that adsorption phenomena interfere with this
stability, which increases its half-life by suppressing the proton-
ation of the radical in the diffusion layer [6-8]. Classically, electro-
chemical studies on the mechanism of nitrocompounds reduction
are performed by means of cyclic voltammetry (CV) [9, 10].

The detection of R-NO, ™, from the electrochemical reduction
process through CV are well known in solid electrodes, but its
reduction occurs at a relatively high potential in conventional
carbon electrodes. Consequently, considerable effort has been
devoted toward the identification of new electrode materials that
will reduce the overpotential for nitroheterocyclic compound
reduction. Chemically modified carbon electrode containing
metallic complexes, highlighting the phthalocyanines of Fe
(I1), Cu (II) (Figure 2A), and Co (II), Mn (II), are recognized
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FIGURE2 | (A)Chemical structure of copper phthalocyanine (CuPc),
(B) chemical structure of iron protoporphyrin IX.

as agents that catalyze a variety of redox reactions. These com-
plexes are recognized for their excellent electrocatalytic activity
in many reactions, which are dependent on the central atom
[11-13]. Phthalocyanines (Pc) were discovered in the early
20th century by Brun and Tcherniac in London, corresponding
to a byproduct of the synthesis of o-cyanobenzamide, using
phthalamide and acetic anhydride as starting materials
[14, 15]. These materials are structurally similar to porphyrins,
as they have planar macrocyclic groups, with the presence of
18 pairs of x electrons, delocalized. This electronic arrangement
conditions their main properties, such as chemical and thermal
stability areas [14-16]. Phthalocyanines are similar to P450
enzymes, from the oxidoreductase family, which act on various
xenobiotics and drugs. In general, P450 enzymes have an active
site that is common to all of them, ferriprotoporphyrin IX
(Figure 2B) [17, 18].

There are few works focused on modifying the electrode surface
for studies to identify reduction intermediates of nitroheterocy-
clic compounds using Cu complexes, mimetizing nitroreductases
such as that recorded for metronidazole, combining the concept
of molecularly imprinted polymer (MIP) [19]. Copper (II) and
iron (IIT) metal complexes [20] are essential to life and are the
transition metals considered essential for the maintenance of life
and are also the most concentrated in all living organisms, acting
for example as transport proteins such as ceruloplasmin (copper)
and transferrin (iron) [20]. Recent studies show the development
of methods using glassy carbon electrodes, with copper II germa-
nate nanowire [21] for substrate modification and subsequent
determination of tartaric acid. The fact that this acid is not elec-
troactive in conventional electrodes makes the development of
voltammetric methods for determining this acid scarce, thus
imposing the need to use modified electrodes for the develop-
ment of such analysis methods.

CuPc was discovered almost 80 years ago, and few electrochemi-
cal studies can be found in the literature [22-24]. The studies
demonstrated that the metal center does not participate in the
reaction; in this case, the oxidation and/or reduction reactions
occur only in the Pc ring [24]. It is well established in the litera-
ture that CuPc presents reversible redox processes in which the
observed signals, both in the anodic and cathodic ranges, were
attributed to the electroactivity of the Pc rings [24].

In the current article, we outline a rapid procedure for creating
an electrode that has been modified using copper (II) and multi-
walled carbon nanotubes (MWCNTSs). The C-MWCNT combined
with CuPc on GCE modified was utilized for behavior voltam-
metric investigation nitrofurazone.

Due to the attractive characteristics of C-MWCNT and CuPc, the
reduction of nitrofurazone can be greatly improved, and its
cathodic peak currents, mainly of R-NO, ™ formation, can be sig-
nificantly increased and at low concentrations compared to other
works of the same scope.

Despite these advances, few studies integrate CuPc with carbon
nanomaterials for nitroheterocyclic analysis. Prior work on met-
ronidazole [19] and tartaric acid [21] highlights the potential of
Cu-based modifiers to mimic nitroreductases and lower detection
limits. Here, we bridge this gap by developing a glassy carbon
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electrode (GCE) modified with CuPc and C-MWCNTSs to inves-
tigate NF’s redox behavior. By stabilizing reactive intermediates
and elucidating their decay pathways, this platform advances the
electrochemical profiling of nitroheterocyclic drugs. The method-
ology’s reproducibility and sensitivity (sub-uM detection) posi-
tion it as a transformative tool for linking radical dynamics to
antichagasic activity, offering insights for rational drug design
and quality control.

2 | Experimental Section
2.1 | Chemicals

(a) Phosphate buffer stock solutions 2.01 < pH <10.04 [25]:
Phosphate buffer stock solutions were prepared from the mixture
NaH,PO, (monobasic sodium phosphate) and Na,HPO, (dibasic
sodium phosphate) to 100 mL of ultrapure water. To adjust the
pH, solutions of sodium hydroxide, NaOH 2.0 mol L7t were used
for pH above 7.0, and phosphoric acid, H;PO, p.a., for values
below 7.0. The final pH of each buffer solution was measured
with a combined glass electrode connected to a Metrohm
pH-measuring device, model 744, at room temperature.

(b) 1.0 mmol L™! stock solution of NF: The stock solution of the
analyte was prepared by directly dissolving appropriate amount
of the NF in a mixture (1 : 1) of N, N-dimethylformamide (DMF)
and ultrapure water with the aid of ultrasound (40 KHz). The
solution obtained was stored in an amber bottle, to avoid photo-
chemical degradation, and subsequently stored at room temper-
ature for a maximum of 1 month.

(c) Stock solution of 3.5 x 1072 mol L™" of cysteine and glutathi-
one: solutions were prepared by dissolving in appropriate
amount of L-cysteine and (Cys) and glutathione (GSH) in ultra-
pure water (Arotec).

2.2 | Electrochemical Instruments

Cyclic voltammograms were recorded using the potentiostat/
galvanostat Methrom Autolab PGSTAT 30, Eco-Chimie, coupled
to an electrochemistry cell with three electrodes: bare/modified
glassy carbon as working electrode, Ag/AgCl as reference and
Pt as auxiliary electrode. The OriginLabTM program version
8.0 was used for data processing. All experiments were conducted
at room temperature, electrochemical cell with a volume of
20 mL and it was deareted by passing nitrogen gas.

2.3 | Procedures

a) Treatment of glassy carbon electrode and GCE modified by
C-MWCNT combined with CuPc (from Sigma-Aldrich). The
glassy carbon electrode (GCE, © = 2 mm) was manually polished
with alumina suspension (Arotec) particle size 0.3 pm on metal-
lographic felt for polishing type DBM (Arotec) and then washed
thoroughly with purified water. After this procedure, the GCE
was placed in buffer solution and potentials of 1.0 and —1.0 V
were applied for 10 s each, followed by a potential sweep between

0 and —1.0 V until establishing a constant baseline. The glassy
carbon electrode was modified by C-MWCNT combined with
CuPc, being MWCNTSs functionalized and characterized with
insertion of acid carboxylic groups according to the previous
reports following the method published [26]. Dispersion in the
ratio of 3 : 1 between C-MWCNT with CuPc was established
using 1,3-dioxolane as solvent by different time intervals 1 <
t <18 min ultrasonic agitation of 40 KHz for a homogeneous
dispersion. This electrode was left at room temperature until
complete drying of the applied solution and then washed
with purified water to remove the excess mixture between
C-MWCNT and CuPc adsorbed on the surface of glassy carbon.
Calculation of the active area of the GCE (0.0144 cm?) and
GCE-C-MWCNT (0.136 cm?) sensor followed the protocol previ-
ously published elsewhere [26, 27].

b) Morphological and spectrometric characterization of the dis-
persion. The images of the dispersions between C-MWCNT with
CuPc were obtained using Jeol equipment model JSM-6610 LV,
with the samples being dispersed in methanol, treated in ultra-
sound for 15 min, applied to the surface of double-sided copper
tape previously glued to the sample holder and then dried under
reduced pressure and metalized with gold. The acceleration volt-
age was 30 to 0.1 KV, resolution 0.5 pm (15 KV) and maximum
magnification: 25,000 times. The appearance and disappearance
of bands in the dispersion of C-MWCNT with CuPc were
compared with the bands obtained from CuPc isolated by means
of attenuated total reflectance (ATR) mode, in Shimadzu
IR Affinity-1. These samples were placed in a desiccator for
24 hr and scans were performed in the region from 400 to
4000 cm™}, being each spectrum accumulated 60 times at
4 cm™! of resolution.

c) Stability of GCE modified by C-MWCNT combined
with CuPc. The stability of the sensor was evaluated by
measuring the current peak for voltammograms recorded in a
0.1 mmol L™ NF solution in phosphate buffer pH 4.02, in which
56 measurements were carried out for 11 days and the sensor was
cleaned by washing deionized water treatments. Furthermore,
the electrode was kept inside the desiccator, having silica
as dehumidifying agent in a vertical position supported on a sty-
rofoam plate.

d) Interaction between radical scavengers and nitro radical anion
in C-MWCNT combined with CuPc. This interaction between
nitro radical anion from NF with Cys, GSH and molecular oxy-
gen (0O,) was analyzed by CV in an electrochemical cell contain-
ing 0.1 mmol L™ NF in phosphate buffer pH 9.05 and deareted
for 15 min with nitrogen gas, N,. For the use of GSH and Cys,
adequate volumes of a 3.5x 1072 mol L™ stock solution of Cys
and GSH were used. On the contrary, the studies used molecular
oxygen, with a flow of 1 mL min™" at time intervals of 5 and 10
min. After each new reading with O, at studied time intervals, O,
was purged again from the cell.

e) Determination of rate constants. Employing the model of the
current ratio, Ipa/Ipc, values were measured at each scan rate,
being: Ipa/Ipe = I, /e, +0.485 L/I,, +0.086, with I, =the
anodic peak current due to zero current; I,,,, = the cathodic peak
current due to zero current and I, the current measured at the
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inversion potential [28]. A working curve used was the fit
equation y = 0.0116x* — 0.1239x + 0.995 (R = 0.999) and plotted,
in which y = I4/I,c and x = w [29], whose w parameter incor-
porates the effects of rate constant, drug concentration, and scan
rate. Considering planar electrode for the condition ar = 4, the w
versus results in a linear relationship can be described by the
equation w = k,Cr , in which k, is the rate constant value for
the second-order reaction for the nitro radical anion decay
obtained from this plot slope. The parameter C is the drug con-
centration and 7z = (E;,—E,)/v, in which E;;, = E, +0.0285/n,
being E,, the peak potential, n the number of electrons, E) is the
potential of inversion in cyclic voltammetry and v scan rate. The
nitro-anion radical stability was calculated by the half-time life
equation t;/, = 1/[R-NO, "] k,, assuming that [R-NO, "] = drug
concentration.

3 | Results and Discussion

3.1 | The Characterization of Multi-Walled
Carbon Nanotubes with CuPc

Scanning electron microscopy (SEM) analysis (Figure 3A)
revealed heterogeneous CuPc agglomerates on the C-MWCNT
surface, exhibiting distinct cylindrical and rounded mor-
phologies (upper right and central regions, respectively).
Such aggregation—common in metal complexes like CuPc—
arises from dimer/trimer formation and higher-order stacking,
which detrimentally impacts quantum yield and electron trans-
port efficiency by hindering charge transfer pathways [30, 31].
Notably, CuPc aggregates here displayed less uniformity and
larger sizes compared to prior work with hemin [27], where
smaller, more homogeneous structures suggested stronger
interactions with C-MWCNTs.

C-MWCNTs retained their characteristic thread-like organiza-
tion, but CuPc’s irregular aggregation highlights weaker interfa-
cial synergy than observed with hemin. Complementary FTIR
studies were conducted to probe chemical interactions between
CuPc’s functional groups and C-MWCNTSs, providing insights
into the composite’s electronic and structural behavior. These
findings underscore the need to optimize CuPc dispersion to
enhance electron transport in catalytic applications. For this,
the ATR system interface was used, comparing the spectra of
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CuPc and C-MWCNT combined with CuPc as shown in
Figure 3B. These FTIR signal assignments are presented on
Table 1. The band at 1334 cm™" recorded by the CuPc complex
was related to the stretch of the pyrroline group, being absent
when combined with C-MWCNT. Furthermore, a characteristic
band stands out at 1417 cm™" for CuPc due to the stretching of
the nitrogen of the isoindolic group, which disappeared in the
presence of C-MWCNT [33]. This effect may indicate a possible
point of interaction between the metallic complexes and the
C-MWCNT, due to the hydrogen bond between the nitrogens,
pyrrolinic, or indolic, with the hydrogen present in the carboxylic
groups of C-MWCNT. Moreover, it is important to note that at
1020 cm™ the corresponding signal of the interaction between
the metallic center and the ring in CuPc disappeared when this
complex combined with C-MWCNT, indicating another possible
point of electrostatic interaction between Cu and the carboxylic
groups of C-MWCNT [32].

In a complementary way, a 705 cm ™" band, which refers to the
perpendicular orientation of the CuPc to the plane, was affected
and suppressed in the presence of C-MWCNT, beyond recording
an increase in the intensity of the bands 3740, 151, and
1525 cm™", which are related, respectively, to the N-H, C=0 from

TABLE 1 | Attribution of the main differences between the FTIR
bands for isolated CuPc and C-MWCNT combined with CuPc.

=~ Wave

number C-MWCNT- Assignment

(cm™) CuPc CuPc [32]

3740 + ++ v N-H of amino group

1751 + ++ v C=0 of carboxylic
acid

1525 + ++ v (-N=)

117 ++ - v (-N=), isoindole

1334 ++ - v (-N=) pyrrol

1020 ++ - 6 (M-macrocycle)

705 ++ - 6 (C-H) perpendicular

to the plane

Note: (++): sign increase, (+): presence of sign, (—) absence of sign, (v):
stretch and (5): deformation.

1525

4000 3500 3000 2500 2000 1500 1000 500
El
Wave number (cm™)

FIGURE 3 | (A) Scanning electron microscopy (SEM): CuPc is marked in red arrow and C-MWCNT is marked in white arrow, wire format.
(B) Comparative spectra of absorption in the infrared region between CuPc (black) and C-MWCNT-CuPc (red).
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carboxylic acid and -N= stretches. These increased band intensi-
ties can be attributed to the contribution of the vibrational mode
due to electronic resonance effects [32]. The FTIR results corrobo-
rate the studies developed by Li et al. [33], who used X-ray photo-
electronic spectroscopy (XPS) techniques and identified points of
interaction between C-MWCNT and phthalocyanines. This work
indicated that interactions occur between the metallic nucleus of
phthalocyanine and the carboxyl group of C-MWCNT, as well as
between the acidic hydrogen of C-MWCNT and the nitrogen of
the amine groups of phthalocyanine through hydrogen bonding.

3.2 | Electrochemical Characterization of the
Sensor Response and the Parameter Optimization

Modifying agents were dispersed in 1,3-dioxolane and their depo-
sition on the GCE surface was carried out by drop casting
method. The interaction of modifying materials with the elec-
trode surface, especially when nanostructured carbon materials
are used, is due to Van der Waals interactions. The cyclic voltam-
mogram registered at acid media (pH 4.02) of NF on a GCE
modified with C-MWNTC combined with CuPc complex was
plotted comparatively with bare GCE and GCE modified
with C-MWCNT-F (Figure 4A-C). The GCE-C-MWCNT-CuPc
recorded only a single reduction wave (Ej,1) and it was similar
bare GCE and GCE-C-MWCNT. The sensor with CuPc presented
less negative potential values (—0.328 V) and the higher current
value, clearly indicating an electrocatalytic effect with a potential
anticipation of 107 mV, compared to bare GCE (—0.435 V); and
similar to the GCE-C-MWCNT (-0.335 V). It is worth mention-
ing that in this experimental conditions non-appearance of any
signal related to copper, probably for the following two reasons:
one that reinforces the proposed interaction between C-MWCNT
and CuPc, which inhibits the appearance of CuPc reduction in
the region between —0.95 and —1.0 V and the other reason is that
the appearance of the signal of CuPc maybe given at values more
negative than —1.0 V, but the potential working range of this arti-
clewas 0.35 < E<-10V.

In addition, it was evident that the cathodic current value (Ipc,1)
obtained with the sensor in the presence of the metal complex,

A B

20 pA 204

CuPc, has a significantly higher magnitude (32 and 1.5 times
greater) than the bare sensor GCE and GCE-C-MWCNT, respec-
tively. These results are compatible with those published using
hemin as modifying agent with C-MWCNT on surface GCE
[27]. This demonstrates that the use of both CuPc and hemin con-
tributed to the anticipation of potential and to the increase in
peak current. The cathodic peak (Ej ;) corresponds to the nitro
group reduction to the hydroxylamine derivative in a four-proton
and four-electron process (Reaction 3), while the anodic peak
(Epa,) refers to the oxidation of RNHOH to the R-NO derivative
(Epay = + 0.16 V).

R-NO, +4e + 4H* > R-NHOH + H,0 3)

The ultrasound is the common procedure employed in dispersion
between CNT with other chemical groups in a suspension
employing organic solvent. This tool exceeds the numerous inter-
actions of van der Waals between the CNT, which is interrupted
by the shear force promoted by the cavitation effects [34]. The
cyclic voltammograms indicate the influence of dispersion time
(intervals of 1 < t<18min) by ultrasonic bath at pH 4.02 for
GCE-C-MWCNT-CuPc for NF, Figure 5A-D. It is possible to
observe that the highest I,., value is obtained with dispersion
time of 15min, being that peak intensity, I, ;, suddenly
increased between 1 and 5 min intervals to a smaller scale from
5 to 15min. However, from this dispersion interval (18 min)
there is a decrease in I, in which the magnitude of the peak
is similar to the result observed in 5 min, due to interval of more
than 15 min, generating more defects in the MWCNT and impair-
ing the transfer of electrons. Furthermore, the sensor lifetime is
evaluated through CV obtained from the NF reduction process in
acidic medium (pH 4.02) over different days with 5 readings and
performed each day, being the sensor lifetime responses moni-
tored for 11 days (Table 2).

3.3 | Nitrofurazone Voltammetry Behavior using
Sensor GCE by C-MWCNT Combined with CuPc

Cyclic voltammetry experiments were carried out in phosphate
buffer (2.03 < pH < 6.06) containing 0.1 mmol L™ of NF and

C
20 JA Epa,1-g.187v

Epa,1=9.241v

N —

Epc,q=-0.435V

\Epc

1.2 -0.8 -04 0.0 0.4 0.8 1.2 08 -04 0.0
E (V) vs. Ag/AgCI, KCI__

E (V) vs. Ag/AgCl, KCI_,

-— -—
M=-0.349V
EPC,1=.0.306 v
0.4 08 ' '

42 08 -04 00 04 08
E (V) vs. Ag/AgCI, KCI,

FIGURE4 | Cyclic voltammograms recorded at pH 4.02, being blank (red). (A) (magenta) bare GCE, (B) (black) GCE-C-MWCNT and (C) (blue) GCE
modified by C-MWCNT combined with CuPc [NF]=0.1 mmol L™ using CV and at v = 200mV s™* (Ist cycle).
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T"EpPC,q= 0307V
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E (V) vs. Ag/AgCl, KCI___
C

Epa,1-g.210v

Epc,q=
e PC1=-0309 V

1 1
-1.2 -0,8 -0.4 0.0 04

E (V) vs. Ag/AgCl, KCI,

Epa,4 - g208v

Epc.1= 0307V

-1.2 -0.8 -0.4 0.0 04
E (V) vs. Ag/AgCl, KCI_

Epa,q-g.190v

1
© © ©
~N 0 ©

-—
Epc,1=.0.302v

Ln llpc,
© ©© o
w A~ o

9.2
25 3.0 35 40 45 50
EFIRT

142 08 04 00 04
E (V) vs. Ag/AgCl, KCI_,

EPa,q-9241v

5
Q.
Epc,1=.0354y 7V =
s

25 3.0 35 40 45 50
EF/RT

12 08 -04 00 04 038

E (V) vs. Ag/AgCl, KCI_

FIGURE 5 |

Cyclic voltammograms recorded at pH 4.02, being blank (magenta) and (blue) GCE modified by C-MWCNT combined with CuPc

(1st cycle), in ultrasound time intervals of 1 < ¢ < 18 min, being: (A) 1, (B) 5, (C) 15, and (D) 18 min. GCE modified by C-MWCNT, being blank (magenta)
and black (E) 18 min. [NF] = 0.1 mmol L™ using CV and at v = 200 mV s ". Inset: the Tafel linear correlation referred to the potential range marked by

the red bars (D and E).

scan rate of 200 mVs™'. A well-defined reduction peak was

observed for Ej.; and shifted to more negative potential values
with increased pH, using bare GCE and GCE-C-MWCNT-CuPc
as well. The latter sensor showed an anticipation of 80 mV

potential across the entire pH range studied for E,,.; and current
increase of 40 times (Table 3). E,.; value varied linearly with
increasing pH, being the respective slope AE,.,/ApH for the
GCE-C-MWCNT-CuPc of 33 mV/pH. In previous study [27],

6 of 14

Electroanalysis, 2025

85UBD17 SUOLULIOD AIERID @|gedtidde 3 Aq peuA0b 8 BN YO ‘38N JO S3IN. 0} ARRIGIT BUIIUO AB]IM UO (SUORIPUOD-PUR-SWRYW0Y A | 1M AR Iq 1 BUIIUO//SHNY) SUORIPUOD PUe SWIS L 34} 39S *[5202/L0/70] U0 ARiqIT8UIUO ABIIM ‘|1Zeig - Ofred 0eS JO AsieAun Ag S000L UeR/Z00T OT/I0PW0d /B 1mAreiq jeul |UOS [eunO BoLB 19 e NA U /SdRY L1 popeojuMoa ‘9 ‘G202 ‘60TYTZST



TABLE 2 | Values refer to I,.; of obtained in the GCE modified by
C-MWCNT combined with CuPc sensor in a period of 11 days, with 56
readings obtained, being this experiment realized in triplicate.

Drop of I,,.; in

Readings Iycx (HA) relation the read first (%)
1a20 47 £3 —

21 a 42 39+4 17.02

43 a 50 303 36.20

51 a 56 212 55.40

TABLE 3 | Peak potential values, (Ep ;) and (Ip.;) in NF 0.1 mmol
L-1 in 2.03 <pH <6.06 for GCE modified by C-MWCNT combined
with CuPc and bare GCE.

GCE modified by
C-MWCNT combined

with CuPc Bare GCE
PH  —Ecpi (V)  —Ipea (BA)  —Ecp1 (V) —Ipea (pA)
2.03 0.293 35 0.358 1.0
3.03 0.301 37 0.401 1.0
4.02 0.302 45 0.435 1.5
5.02 0.385 46 0.461 0.8
6.06 0.413 40 0.501 1.0

this slope was similar when combined with C-MWCNT and
C-MWCNT-HEM presenting 36 and 39 mV/pH, respectively.

Based on these results, it is observed that the same redox system
associated with acid-base equilibrium occurred, being this pro-
cess well known for the redox mechanism of NF related to the
electron-proton transfer process [26, 27, 35]. This behavior is an
evidence of a probable fast protonation step preceding the charge
transfer process [28] in which one proton participates in the rate-
determining step of the reaction in the pH range studied whose
involvement may have corresponded to a second slow proton-
ation of the nitro group, subsequently reduced to the nitroso
intermediate.

Tafel analysis (Figure 5D,E) was employed to probe the
charge-transfer kinetics of nitrofurazone (NF) reduction using
the relationship:

RT x dLn' /I
~  FxdE

which R, T, F, and a represent the gas constant (8.314 Jmol ' K™,
temperature (298 K), Faraday constant (96500 C), and charge-
transfer coefficient, respectively. This approach assumes minimal
reactant depletion at the electrode surface, ensuring diffusion-
controlled NF concentration near the sensor interface [28, 36, 37].

This approach is valid as long as there has been little depletion of
the reactant concentration, considering, in this case, the potential
region in which the concentration of NF transported by diffusion

is close to the maximum at the sensor surface [28, 36, 37]. Thus,
since the transfer coefficient values () are sensitive to the mech-
anism change in electrochemical processes, the Tafel slopes were
obtained as shown on Table 4. It is worth highlighting that the
region chosen in Figure 5D,E, reds bars, is the region where the
process is controlled by kinetic. In this way, the evaluation of
the potential range associated with the formation of hydroxylamine
indicated that these results suggest that, at lower scan rates, the
values are lower, but for MWCNT system the values are practically
2 times higher compared to the system with CuPc on the MWCNT
matrix. However, at a higher scan rate, 400 mV s7L the charge
transfer efficiency is increased in both systems, but the lower value
is observed in the presence of CuPc in the MWCNT matrix. These
observations indicates the electrocatalytic role of CuPc, probably
facilitating a more efficient electron transfer process.

In alkaline medium, a distinct process can be observed with the
appearance of a peak prior to Ep.;, Figure 6A-C. The first
reduction step cyclic voltammogram of NF at pH 10.04, E,, ,, cor-
responds to the R-NO,/R-NO,"” pair ((Equation (1)), with
respective anodic component, E,, ,. Therefore, under these con-
ditions, a reversible reduction corresponds to (Equation (1))
involving one electron related to the R-NO,/R-NO,'~ couple
and followed by the nitroso and hydroxylamine derivatives for-
mation, as shown in Equations (4) and (5)).

R-NO,"~ +e~ +2H*—-R-NO +H,0 4
R-NO+2e~ +2H* )

The NF voltammetric behavior registered for all electrode sys-
tems was similar. I.; value decreased approximately 10 times
when compared to the acid medium, indicating smaller number
of electrons involved. It is also noted that E,; value was shifted
to more negative potential values when compared to the acid
medium, with values of —0.75, —0.56, and —0.48 V being recorded
GCE-C-MWCNT, GCE modified by C-MWCNT combined with
CuPc and bare GCE, respectively. Furthermore, the NF voltam-
metric reduction regarding to the E,., and E,, , values present a
characteristic response for reversible processes, since the value of
90 mV for this difference (AE,) remains constant as the scan rate
increases at the GCE modified by C-MWCNT combined with
CuPc, as well as observed for GCE-C-MWCNT [26] and
GCE-C-MWCNT-Hemin [27]. With the aim of evaluating the
R-NO,/R-NO, ™ redox couple from NF, cyclic voltammograms
were adjusted to an appropriate potential range (0.2 V < E., <
—0.8V) and recorded in a sufficiently alkaline media with NF
0.1 mmol L™}, Figure 6D-F.

TABLE 4 | Experimental values of o obtained from the Tafel plot
represent in Figure 5D,E at different scan rates. [NF]=0.1 mmol
L—-1 at pH=4.02.

a values (GCE-C-

Scan rate, MWCNT-CuPc) a values (GCE-C-
v (Vs™ (mol ™) MWCNT) (mol™)
0.1 0.030 0.071
0.2 0.035 0.079
0.4 0.262 0.358
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FIGURE 6 | Cyclic voltammograms (1st cycle): (A-C) hydroxylamine and nitro-anion radical between —1.6 V<E < 0.8V range, being (A) bare
GCE, (B) GCE-C-MWCNT, (C) GCE modified by C-MWCNT combined with CuPc and (D-F) with only the nitro-anion radical record between
—0.8 V< E<0.4V range, being (D) bare GCE, (E) GCE-C-MWCNT, (F) GCE-C-MWCNT-CuPc. pH 10.04 phosphate buffer, v =200 mVs™.

An electrocatalytic effect can be noted for the NF reduction con-
sidering E,,, since the potential was anticipated by approxi-
mately 100 and 290 mV compared with GCE-MWCNT and
bare GCE, respectively. Additionally, the sensor with CuPc

was also capable to anticipate Ej, value in 130 mV when com-
pared to the sensor with hemin [27]. Moreover, the current reg-
istered by the GCE modified by C-MWCNT combined with CuPc
was increased 10 times in alkaline medium against the bare GCE
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in the same order of magnitude to the GCE-C-MWCNT and
GCE-C-MWCNT-HEMIN. It is possible to indicate that this
increase in current may also be associated with an increase in
surface area. This result is similar to the results obtained by
Xia et al., who worked with graphene/CuPc to evaluate chloram-
phenicol, which is a nitroaromatic [38].

A comparison between the Randles-Sevicik [27, 39] slope values
for GCE-C-MWCNT (7.44 pA mVs /%) and the GCE-C-MWCNT
combined with CuPc (8.15 pA mVs~"/?) suggests that this latter
presents a small gain in area compared with the former in order
of 1.10 times, estimating an active area of 0.146 cm?. Of course,
the values of electrochemically active area are interdependent on
factors intrinsic to all electrodes, such as roughness, heterogene-
ity, defects, and contours [39], suggesting that this value may be
overestimated and does not unequivocally distinguish the cata-
lytic effect of the nitro group regeneration as a reactant. In this
way, according to the potential anticipation, in which the electro-
catalytic cycle involves the electrochemical step of the nitro
group reduction to the respective radical, being followed by
the chemical step of the nitro group regeneration on the sensor
surface with the participation of the Cu (IT)/Cu (IIT) couple due to
the presence of CuPc [38].

The superior electrocatalytic performance of the CuPc/C-MWCNT
composite in alkaline media compared to acidic conditions is
attributed to a pH-dependent mechanism involving copper redox
states. Under alkaline conditions (pH > 9), hydroxyl ions pro-
mote the formation of Cu (OH), on the CuPc surface, which
is electrochemically oxidized to generate Cu (III) (CuOOH).
This high-valent copper species acts as an electron-transfer medi-
ator, facilitating the one-electron reduction of nitrofurazone (NF)
to its nitro-anion radical (R-NO, ") and subsequently oxidizing
the radical back to R-NO,, enabling catalytic recycling of the
Cu (I1)/Cu (I1I) couple.

The absence of a distinct Cu (III) oxidation peak (~+0.56 V) in
voltammetric profiles (Figures 5 and 6) likely arises from strong
electronic interactions between CuPc’s macrocyclic structure and
the C-MWCNT matrix, which stabilize the Cu (III) intermediate
and suppress its discrete electrochemical signature. In contrast,
acidic media favor the persistence of Cu (II) as aquo/hydroxo com-
plexes (e.g., [Cu (H,0)]*"), which lack the oxidative capacity to
mediate radical recycling, resulting in reduced catalytic activity.

This behavior mirrors observations in copper-porphyrin systems,
such as those reported by Bhaduri et al. [40] where Cu (III)
intermediates in alkaline media drive catalytic cycles for
non-enzymatic glucose oxidation. The planar CuPc macrocycle
enhances z-z interactions with C-MWCNTS, promoting electron
delocalization and interfacial charge transfer, while alkaline con-
ditions lower the thermodynamic barrier for Cu (II) » Cu (III)
oxidation.

These findings underscore the importance of electrolyte
pH in tuning electrocatalytic pathways and highlight the
CuPc/C-MWCNT system’s ability to stabilize reactive intermedi-
ates for efficient nitrocompound detection. The insights gained
here provide a foundation for designing adaptive catalytic inter-
faces with applications in pharmaceutical analysis and redox-
mediated sensing.

3.4 | Interaction of the Radical Anion from NF
with Glutathione, Cysteine, and Molecular Oxygen

According to previous results already observed during this work,
the appearance of the R-NO,/R-NO,"~ redox couple for NF using
the modified GCE modified by C-MWCNT combined with CuPc
was recorded in alkaline media. For that reason, it was explored
the reactivity of the radical towards aminothiols, which are endo-
biotic groups of vital importance to the biological environment,
performing a similar function to oxygen and acting as scavengers
of free radicals from active species [41-43]. According to some
studies, there is a relevant reaction between the R-NO, ™ and
aminothiol compounds [35, 44, 45]. Cyclic voltammetry was used
to evaluate the reactivity of the nitro-anion radical towards cys-
teine (Cys) and glutathione (GSH) in the potential range and scan
rate in which the nitro-anion radical is detected. The complex
electrochemical interactions in addition to electronical acceptors
on the stability of R-NO,"~ depend on the identities of the accep-
tor, the drug, the electrode surface and the supporting electrolyte
concentration [45]. For that reason, this technique allows to
identify the stability or reactivity of the reduction products, as
reflected in relation to the peak currents, since it is possible
to reduce or wipe out the formation of the hydroxylamine deriv-
ative [26]. Therefore, the interactions between R-NO, ™ gener-
ated from NF were investigated with cysteine and glutathione
on GCE modified by C-MWCNT combined with CuPc.

NF cyclic voltammograms recorded at pH 10.04 in the presence
of different concentrations of Cys and GSH are shown in
Figure 7A,B. It is possible to clearly observe that the aminothiols
were very similar to each other referring to the I, ,, which does
not undergo major changes even with the increase in the concen-
tration of scavengers. However, the peaks corresponding to the
hydroxylamine derivative (I ) significantly decreased 26% and
18% when 3.5mmol L™" of Cys and GSH were added, respec-
tively. Moreover, respective drops of 30% and 40% were identified
when 10.5 mmol L™! Cys and GSH were employed. At the same
time, the reversible radical oxidation showed a drop with the
increase of concentration for both scavengers. It is possible to
understand that Cys and GSH act in a similar and significant
way as scavengers on the nitro-anion radical. Thus, the partial
consumption of the radical compromised the derivatives
subsequently generated. These results are compatible with
those obtained with hemin as modifying agent [27] and similar
with results registered by Fotouhi [45] and Julido [35],
considering the reduction of the reoxidized peak derived from
furazolidone on bare GCE and NF on HBDDE, respectively,
for [aminothiol] <3.7 x 107> mol L', however with greater con-
centrations an adduct was formed. Therefore, the parameters
such as concentration and electrode surface are significantly
important in the reactivity of aminothiol compounds with the
nitro-anion radical.

On the contrary, in Figure 7C, the radical behavior in the pres-
ence of oxygen is very different from that observed with amino-
thiol groups. Ep.; and Ep,, completely disappeared, showing
that the R-NO,"™ was quickly consumed. Molecular oxygen
was added at a flow rate of 1 mL min~" during 5 and 10 min at
pH 10.04, following previous experience [46]. In sequence, a nar-
row potential range corresponding to the R-NO,/R-NO, ™ redox
couple was selected (Figure 8D) specifically to observe the
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FIGURE7 | Cyclicvoltammograms recorded with GCE modified by C-MWCNT combined with CuPc adding (A) Cys and (B) GSH; being (black) absent
of Cys and GSH; (red) 3.5 mmol L% (blue) 10.5 mmol L™%; (C) O, and (D) O, in a restricted potential range of 0.0 V < E < —0.35V. Flow flux of 1 mL min~?,
being (black) absent of O,, (red) time of 5 min and (blue) time of 10 min with O,_Phosphate buffer pH 10.04, [NF] =0.1 mmol L™ and v =200mVs™".

A Epa,,--0.111V B

Epc,,_-0.200V

—Epc,,_-0.207V
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— Epc,, _-0.213V
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FIGURE 8 | Data obtained in phosphate buffer pH 10.04 with GCE modified by C-MWCNT combined with CuPc as working electrode, being

(A) 0.1Vs™}, (B) 0.2Vs™, and (C) 0.7 Vs~

nitro-anion radical behavior in the oxygen presence. As it can be
observed, the oxidation peak (Ep,,) is completely absent.
Therefore, the R-NO,"~ in aqueous medium and aerobic environ-
ment can transfer the one electron to O, producing the superox-
ide anion (O,'7), which is biologically active [46]. These results
are similar to those obtained for nimorazole using bare GCE [46]
and NF using GCE-C-MWCNT-HEMIN [27].

3.5 | Kinetic Stability of the Nitro-Anion Radical

Figure 8A-C shows the isolated register of the couple related to the
nitro radical anion correspondent to the cyclic voltammograms of
NF recorded at pH 10.04. The R-NO,"™ kinetic stability can be
evaluated by applying a consolidated model using the current ratio
(Ipe2/Ipa2) as electrochemical parameter [7, 26, 27, 35, 47, 48].
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This model was developed by Olmstead-Nicholson [29] and
according to data reported in the literature, the current ratio
is dependent on pH, influenced by the scan rate and the concen-
tration of the electroactive species. The scan rate effect and drug
concentration on I,.,/I,. ratio are presented in Figure 9A,B
employing GCE modified by C-MWCNT combined with CuPc.
While the former shows that the current ratio tends to be close
to the unity as the scan rate is increased, the latter shows that the
current ratio decreases as the NF concentration increases. These
diagnostic criteria fulfill the requirements for a coupled homoge-
neous electrode process, in which an irreversible chemical reac-
tion follows a reversible charge-transfer step. Furthermore, this
chemical irreversible reaction is considered second order [24].
This behavior is classic for nitrofurans [5, 26-28, 35, 48], describ-
ing that NF undergoes an irreversible reaction of disproportion-
ation after the nitro-radical anion generation as described below:

2R-NO,'~ +2H* -R-NO, + R-NO + H,0 (6)

Taking this approach into account, the Iy ,/I,., value experi-
mentally obtained at each scan rate is interpolated into a working
curve that determines the parameter w, which incorporates the
effects of the rate constant, nitroheterocyclic compound concen-
tration and scan rate [29]. Figure 10 shows the plots in which
the kinetic parameters (w as a function of 7) obtained with
GCE-C-MWCNT-CuPc present linear relationships. Table 5
brings the respective k, and t;,, values referents to the presence
and absence of radical scavengers. The lifetime determination of
drugs with biological activity in aqueous media can be an impor-
tant parameter to be considered in quantitative studies of the
relationship between chemical structure and biological activity,
especially considering that the intracellular environment is pre-
dominantly aqueous [27]. From these data, the highest k, values
for both systems with molecular oxygen application were
observed, indicating lower radical stability and the oxygen pres-
ence showed the best performance as radical acceptor comparing
to the aminothiols. Nevertheless, as radical acceptors GSH and
Cys presented results practically no significant change in t;,,
when compared to bare GCE. Thus, these results suggest that
under aerobic conditions the radical is transferred to molecular
oxygen and produces superoxide O,", which is biologically
active, as already indicated in (Reaction 2).

A 1.00

0.95

-1I.6 -1I.2 -OI.8 -0I.4 0.0
-1
Log v(Vs )

2.5+
2.0
3 1.5 - o,
1.0 -
0.5 -

0.0 -

0.0 0.4 0.8 1.2 1.6 2.0

FIGURE 10 | Relationship between w and 7 with presence of
(m) oxygen, (V) GSH, (®) Cys, and (A) without scavenger. Data
obtained in phosphate buffer pH 10.04, [NF] = 0.1 mmol L™%; scan rate
between 50 and 700 mV s~ '; GCE modified by C-MWCNT combined with
CuPc as working electrode.

TABLE 5 | The k, and t;,, values for the nitro-radical anion
disproportionation reaction and the radical scavenger actions.
[NF] =0.1 mmol L-1 at pH = 10.04.

k,x1073 ti

Sensor Scavenger (L mol's™) (s)
Bare GCE — 22.60 0.44
GCE-C-MWCNT — 12.86 0.78
GCE modified by — 12.28 0.81
C-MWCNT combined *02 29.00 0.34

ith CuP:

with e #GSH 24.96 0.40
**Cys 21.72 0.41

Note: (*) O, flow flux of 1 mL/min; (**) [GSH] = [Cys]: 3.5 mmol L™".
Nonetheless, comparing the system with CuPc against bare GCE

there was an increase in stability, since t,, value is approxi-
mately 2.0 times higher. Furthermore, it was observed that the

1.00

oy}

0.90

0.04 0.08 0.12
Concentration (mmol L)

FIGURE 9 | (A) Relationship between the I, /I, » ratios and log v, data obtained in phosphate buffer pH 10.04, being the interval of scan rate,
0.02<v <0.7 Vs' with [NF] =0.1 mmol L™%; (B) relationship between Iy, »/I,c, ratios and NF concentration with v=200mVs™".
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nitro-radical anion stability was similar between GCE-C-MWCNT
and GCE-C-MWCNT combined with CuPc, being t,,, values 0.78
s and 0.81 s, respectively. Although the gain in the radical stabil-
ity is low, this small difference corroborates the biological model
of enzymatic interaction involving nitroheterocyclic drugs, cor-
roborating previous results having hemin as modifier agent
[27, 49]. In this sense, this result is interesting from a biological
point of view, since phthalocyanines, Pcs (CuPc, of this work)
is structurally similar to the enzymes of the P450 reductase
complex [17, 18, 48].

4 | Conclusion

SEM and FTIR analyses confirmed that the CuPc/C-MWCNT
composite achieves stability through electrostatic interactions
between amino/Cu (II) groups in CuPc and carboxylic moieties
on C-MWCNTs. This interaction creates a conductive matrix that
enhances voltammetric signals for nitrofurazone (NF) reduction
intermediates, particularly hydroxylamine derivatives and the
nitro-anion radical (R-NO,""). The CuPc/C-MWCNT-modified
GCE demonstrated a 290 mV reduction in overpotential for
R-NO,"~ formation compared to bare GCE and 100 mV vs.
GCE-C-MWCNT, highlighting CuPc’s role in lowering activation
barriers. Cathodic currents increased ~10-fold in alkaline
media relative to bare GCE, with comparable magnitudes to
GCE-C-MWCNT, indicating improved electron transfer kinetics.

Molecular oxygen (O,) was identified as the dominant scavenger
of R-NO,"7, regenerating NF via a one-electron pathway to pro-
duce superoxide anion (O,"7). This contrasts with aminothiols
(Cys, GSH), which showed minimal scavenging activity. The
CuPc/C-MWCNT interface exhibited structural stability across
electrochemical cycles, attributed to strong z—z stacking and elec-
trostatic interactions, enabling precise determination of radical
half-lives via cyclic voltammetry.

The synergy between CuPc’s redox-active macrocycle and
C-MWCNT’s conductivity facilitates extended radical lifetimes
and pH-dependent catalysis. Alkaline conditions promote Cu
(OH),/Cu (IIT) mediation, while acidic media limit catalytic path-
ways. This methodology offers sub-micromolar sensitivity, repro-
ducibility, and adaptability to other nitroheterocyclic drugs,
linking radical stability to bioactivity.

The CuPc/C-MWCNT system bridges material science and
electroanalytical chemistry, providing a low-cost platform to
study nitrocompound mechanisms and advance drug quality
control. Its ability to resolve short-lived radicals and correlate
lifetimes with therapeutic efficacy positions it as a critical tool
for pharmaceutical research.
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