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Abstract: Nitric oxide (NO), the smallest signalling molecule known in the human body, keeps
blood vessels dilated, controls blood pressure, and has numerous other health regulatory effects.
The use of Schiff base complexes incorporated onto electrodes to make electrochemical sensors
has been explored as an effective method for the determination and quantification of nitric oxide
in aqueous solutions. Schiff base ligands were complexed with Cu and Ni metal centres using
the microwave synthesis method to produce metal–ligand complexes with enhanced capabilites
for NO detection. The electrical current generated at the anode is directly proportional to NO
concentrations in the solution through its oxidation to HNO3. Various characterisation techniques
were implemented to verify the integrity of each step of metal–ligand synthesis as well as the final
product produced, using FT-IR, UV-VIS, and TGA. The as-synthesised Schiff base complexes were
electrodeposited on screen-printed carbon electrodes (SPCE) and electrochemically evaluated in
a 0.1 M PBS. Furthermore, metal complexes were screened for their in vitro activity towards NO
detection in an aqueous solution (PBS). The results show that the investigated sensors (SPCE/Ni-
BPND and SPCE/Cu-BPND) respond positively toward NO detection. It was, therefore, identified
that the two sensors also do not differ significantly in terms of precision, sensitivity, and lowest
detection limit. The sensor strategies demonstrate the NO limits of detection of 0.22 µM and 0.09 µM,
and they also demonstrate sensitivity values of 16.3 µA/µM and 13.1 µA/µM for SPCE/Cu-BPND
and SPCE/Ni-BPND sensors, respectively.

Keywords: Schiff bases; metal complexes; microwave synthesis; electrochemical sensor; nitric oxide;
emerging pollutants; cytochrome C

1. Introduction

Nitric oxide (NO) is the only endogenous smallest and simplest biologically active
molecule that controls almost every cellular and organ function in the mammalian body.
NO in mammals is manufactured by the action of various NO synthase enzymes [1,2]. Any
defects in the NO pathway lead to the development of several pathophysiological states,
which may include, hypertension, stroke, cardiac failure, diabetes, etc. Furthermore, NO
has also been associated with several diseases, such as cancer, sepsis, multiple sclerosis,
and various autoimmune diseases which include flu, pneumonia, bronchitis, and tuber-
culosis [3–5]. The function of NO in cancer is complicated because it could promote and
inhibit the progression of tumours depending on different conditions. High NO levels
may result in tumour cell apoptosis, but low level induce cell proliferation by stimulating
angiogenesis [6]. Hence, crucial biomarkers in the human body form an important basis
for health assessment. Real-time monitoring of NO levels in physiological environments
plays a vital role. However, it remains a challenge to accurately measure NO concentrations
in physiological environments. This is because of its short half-life (roughly 10 s), low
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concentrations (nM–µM), high chemical reactivity, and possible interferences by other
chemicals in biological systems [7]. Effective NO measurement and quantification thus
require adequate sensitivity and fast response time. For years, analytical techniques in-
cluding spectroscopic and electrochemical methods have been used for NO measurements.
Among these methods, electrochemical techniques are considered the most efficient be-
cause of high calibration stability, fast response, good sensitivity, better selectivity, and
simplicity. Moreover, electroanalytical methods may best be used in vivo and in vitro for
in situ real-time measurements. Several spectroscopic methods involve either indirect mea-
surements of byproducts of reactions between NO and other chemical species or employ
bulky instruments, which limit them for NO measurements.

Gas-phase NO detection is time-consuming, expensive, and involves high concentra-
tions and the use of numerous reagents. Chemistry contribution has, therefore, contributed
a great deal in the synthesis of NO-releasing compounds. These include the commonly used
DEA NONOate and other NONOate compounds. NONOates dissociate in acidic solutions
to produce NO and, therefore, mimic the measurement of NO-produced by biological
systems. Unlike in biological systems, NONOates generate NO that have an extended
half-life varying from 2 s to several minutes [8,9]. Of all NONOates, DEA NONOate is the
most extensively used NO precursor in NO detection studies due to its ability to release NO
in neutral media, providing two moles of NO for each NONOate molecule as illustrated in
chemical reaction Equation (1) below.

R2NN(O)NO− + H+ → R2NH + 2NO (1)

These NO donor molecules release NO molecules which are electrochemically detected
directly as injected into a phosphate buffer solution. For this reason, the research focus in
the current study is based on NO species that are suspected to play an important role in
cancer biomarkers [10]. NO and its related species demonstrate therapeutic implications,
which include both the diagnostic and inhibition of tumour or cancer cells. Studies show
that elevated concentrations of NO may be cytotoxic for tumour cells; however, low
concentrations may stimulate tumour growth [11,12]. Electrodes modification with metal–
ligand Schiff base complexes has recently been recognised as one of the best electrochemical
methods employed in the sensing and evaluation of the existence and fate of NO species in
aqueous systems.

Ni and Cu are known metal centres surrounded by macrocyclic ligands in enzymes
such as urease, nitrite reductase, laccase, hydrogenase, etc. These enzymes participate in
the metabolic pathways of NO in the human body [13–16]. As much as NO electrochemical
sensors have been found to be applicable in the detection of NO in vivo and in vitro, the
design, use, and limit of detection of the sensor materials remain a challenge [17–19].
Hence, sensor materials’ novelty studied in this work relies on the synthesis protocol, which
exhibited fabrication simplicity, excellent sensing response features, ligand tuning flexibility,
and low cost materials. Flexibility in tuning the material led to an improved limit of detection
and highly sensitive NO sensing materials. The as-synthesised materials avoid restrictions
experienced by enzymatic systems as the conditions are controlled in vitro. Therefore, this
field still needs development since NO is one of the important biological compounds.

Schiff bases and their metal complexes have been studied extensively in various
aspects, which include, catalytic, magnetic, spectroscopic, and anticancer properties. More-
over, the studies single out the vital roles played by metal ions in biological systems [20,21].
Moreover, lanthanides Schiff base complexes are said to be effective in cancer diagnosis
and therapy. However, copper Schiff base complexes generated from carboxaldehyde
are more specific to prostate cancer inhibition. These compounds perform the inhibition
process by promoting an imbalance between cell progression inducers and inhibitors which
interrupt the cell cycle and finally lead to tumour cells’ death [22,23]. Polymer systems with
conjugated –C=C- and –C=N- bonds in their main chains have recently drawn the attention
of researchers due to their importance in many aspects. Among these polymers, Schiff
base polymers are of considerable interest, since they possess a very good thermal stability,
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and some of these possess semiconductive and good electroactive properties [24,25]. In
addition, these compounds also have a strong binding ability with metal ions to show
interesting optical properties.

The choice of proper synthetic routes in designing materials has been a crucial aspect
of the development of emerging methodologies for several decades. Furthermore, there is
a need for clean, efficient, sustainable, and energy-conserving methods to process chemical
reactions. Therefore, in recent years, this has led research to focus on alternative energy
sources over conventional heating routes [26,27]. As new technologies are in line with the
concept of green chemistry, microwave-assisted synthesis methods provide much-reduced
reaction times, increased yields, achieve cleaner reactions, product reproducibility, simplify
workups, and promote reaction route selectivity for the preparation of the materials [28–30].
In addition, the microwave-assisted method also contributes to energy saving and low
waste, and it is in line with environmentally benign materials and protocols unlike con-
ventional heating methods [31–34]. Therefore, experimental design is a powerful tool for
developing experiments and data analysis to accomplish the best yields with the optimum
number of trials [35] and minimise interfering species [36].

In this work, we demonstrate materials synthesis, device architectures, and fabrication
strategies to accomplish electrochemical sensors capable of NO detection with limits of
detection of 0.22 µM and 0.09 µM and sensitivity values of 16.3 µA/µM and 13.1 µA/µM
for SPCE/Cu-BPND and SPCE/Ni-BPND sensors, respectively. Real-time NO detection
demonstrated herein reveals the potential of NO sensors to be implemented in real sample
analysis. This comes as a means of cancer healthcare monitoring assessments due to the
complicated roles of NO in the initiation and development of cancer in mammals.

2. Materials and Methods

All commercial reagents were received chemically pure and were of analytical reagent
grade. These chemical reagents were purchased from Sigma-Aldrich, Alfa Aesar, and
Kimix and were used without further purification. However, the solvent (propanol) used
for synthesis was first dried by molecular sieves. Infrared spectra were obtained from
a PerkinElmer spectrum two spectrometer. The electronic spectra were recorded using
Nicolet evolution 100 UV-Visible spectrophotometer. Electrochemical measurements were
recorded using a potentiostat. Microwave reactions were performed on the Anton Paar
Multi-wave PRO scientific microwave oven with a rotating platform. The microwave
reactions were carried out by controlling the power output and duration of the reaction
process. Synthesis and characterisation protocols have further been illustrated in Scheme
S1 (see the Supplementary Materials).

2.1. Synthesis of a Schiff Base Ligand (N,N′-bis(1H-pyrrole-2yl)methylene naphthalene-2,3-diimine)

For the synthesis of (N,N′-bis(1H-pyrrole-2yl)methylene naphthalene-2,3-diimine
(BPND)), a homogeneous mixture of 2,3-diamminonaphthalene (1 mmol) and Pyrrole-2-
carboxaldehyde (2 mmol) was achieved by thoroughly mixing the two. Second, 10 mL of
dry propanol was added to the mixture and then irradiated in a microwave oven under a
range of microwave powers of 400 W–700 W for 8 to 15 min (optimisation). The solvent was
then evaporated with a rotary evaporator. The resulting solid products were recrystallised
with propanol and dried at room temperature. Finally, the products were further purified
with a mixture of ethanol and hexane (1:10). Schiff base ligand synthesis protocol has been
illustrated in Scheme 1.

2.2. Synthesis of Schiff Base Metal Complexes

A Schiff base (3 mmol) was added to a propionic solution of copper(II) chloride
(1.5 mmol). The resulting mixture was irradiated in a microwave oven with the power
of 400 W for 13 min. The solid product formed was filtered and washed thoroughly
with an ethanol: hexane mixture (1:10). Finally, the metal complex was dried at room
temperature [37]. The same procedure was followed for the other metal (Ni).
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Scheme 1. Schiff base ligand synthesis protocol.

2.3. Electrochemical Synthesis of the BPND Ligand onto SPCE

The BPND deposited electrode material was prepared by the electrodeposition method.
This was prepared by first dissolving 6.2 mg (10 mM) of BPND monomer in 2 mL of
dimethylformamide (DMF). Second, by adding 2 mL of 0.1 M Hydrochloric Acid (HCl)
to the solution to make 4 mL. In this case, HCl was used as a supporting electrolyte.
Finally, CV was performed for the linking of BPND subunits to form dimmer or higher-
order polymers onto a screen-printed carbon electrode (SPCE). The growth of the polymer
films was achieved by CV when applying 5 cycles at the scan rate of 50 mV/s in the
potential window of −600 to 700 mV. The polymerised BPND material was characterised
by electrochemistry and spectroscopy [38].

2.4. Electrodeposition of the Metal Complexes onto the Screen-Printed Carbon Electrodes:
SPCE/BPND-Ni/Cu

To investigate the redox properties of the metal–ligand complexes, cyclic voltammetry
was performed on SPCEs modified with the macromolecules. Ni and Cu are known metal
centres in enzymes such as urease, nitrite reductase, laccase, hydrogenase, etc. These
enzymes participate in the metabolic pathways of NO in the human body [15,16,39,40].
Hence, the preparation of chemical materials of their mimics has overcome the enzymatic
physiological restrictions for their implementation in the chemical analyte recognition.
Electrodes were prepared as follows; 2 mM of the copper and/or nickel complex was
dissolved in 2 mL DMF and was mixed with 2 mL of 0.1 M NaBF4 supporting electrolyte.
The solution was then degassed before the polymerization process. The metal complexes
were each electrodeposited onto the SPCEs using the CV technique. The same parameters
as those used in the electrochemical deposition of the ligand monomer onto SPCEs were
employed. Electrodeposition was performed over a potential window of −1 V to 1 V and
was cycled 5 times at a scan rate of 50 mV/s. Cyclic voltammetric measurements were
performed by recording voltammograms while varying scan rates from 10 to 500 mV/s.
This provided insight into the electron transfer behaviour of metal–ligand complexes.

3. Results

A microwave reactor was used to synthesise (N,N′-bis(1H-pyrrole-2yl)methylene
naphthalene-2,3-diimine) (BPND) from 2,3-diamminonaphthalene and Pyrrole-2-carboxaldehyde.
The same method was employed for the synthesis of Cu and Ni complexes. The initial synthesis
of the ligand resulted in a two-coloured product (yellow and brown), which was reflective of
two products formed due to an incomplete chemical reaction. Therefore, the optimisation of the
microwave conditions was a crucial step to drive the reaction mechanism to a single product.
To optimise reaction conditions, microwave synthesis was performed at different microwave
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powers (400 W, 500 W, 600 W, and 700 W) and varying the reaction times (8 min, 10 min, 13 min,
and 15 min). By employing spectroscopic techniques (UV-Vis and FTIR), thermal, and electro-
chemical studies, the results of the reactions were validated. It, therefore, has been observed that
the best product was obtained in the time range of 13–15 min at 400 W. However, it was also
observed in power variations that a power of 500 W at 8 min also results in excellent results.
Microwave powers of 600 W and higher result in the degradation of the material. Furthermore,
the as-synthesised materials were electrodeposited onto SPCE and evaluated for their activities
towards NO detection in an aqueous solution.

3.1. Structural Analysis of the M–Ligand Complexes

The Schiff base ligand binding to metal ions (Cu and/or Ni) has been reported to occur
via two azomethine N atoms and two pyrrole N atoms [21,41,42]. The three synthesised
compounds (ligand and metal complexes) were insoluble in water and partially soluble in
ethanol, which made them easy to purify. Infrared spectroscopy confirmed the bonding of
the ligand and ligand to metal ions in the absence of X-ray crystallography. The infrared
spectra (Figure S1) displayed spectral data of the Schiff base during optimisation studies
and further provided data of both BPND ligand and respective metal complexes after the
coordination process (Figure 1).
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Figure 1. FT-IR spectra for a BPND and Cu-BPND complex (A) and FT-IR spectra for a BPND and
Ni-BPND complex (B). KBr was used as a sample matrix, such as in BPNDs in the spectral range of
400–4000 cm−1.

As shown in Figure S1, IR spectra demonstrated the properties of the as-synthesised
BPNDs under different microwave conditions. Therefore, intense sharp vibrational bands
in the range of 1607–1637 cm−1 were an indication of the conversion of the amine groups
into azomethine (C=N) group. Based on IR spectra (Figure S1A), a conclusion has been
made that the increased time was able to produce better results. This was because as time
increased from 8 to 15 min, the BPNDs spectra displayed a disappearance of the primary
amine bands and experienced less scattering, which was a result of the purity of products.
Hence, 15 min at 400 W was considered optimal as mentioned in the early stage. This
technique has, however, been complemented by the UV-Vis data to clearly show the effect
of time and power.

After metal–ligand complexation, the copper complex exhibited some changes in
comparison to BPND. As presented in Figure 1A, the vibrational band at 3151 cm−1 became
broad due to the formation of the bond between the metal centre and the nitrogen on pyrrole
moiety, which has been reported for the same ligands [43]. There was also a frequency band
shift from 3451 cm−1 on the ligand to 3151 cm−1 for metal complexes, which confirmed the
coordination of the metal to pyrrole nitrogen. On the other hand, there was a redshift from
1636 cm−1 on BPND to 1595 cm−1 on the copper complex. This shift to a lower frequency
on C=N designated a decrease in bond order in this group, which was associated with
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the involvement of the lone pairs on the azomethine nitrogen to the metal ion. This also
signified the decrease in electron density around azomethine nitrogen and the formation of
a strong M-N bond [44,45]. In summary, the stated information confirmed the coordination
of BPND to the metal centre by both azomethine and pyrrole nitrogen for the Cu complex.

Based on the spectral data shown in Figure 1B, a comparison of the ligand and the
nickel complex illustrated a redshift from 1636 to 1595 cm−1 on the azomethine group and
3225 to 2864 cm−1 on the pyrrole moiety. In addition, there was also a broadening of the
band assigned to pyrrole nitrogen. All this confirmed coordination in both azomethine
and pyrrole groups [41]. The weak band observed around 450 cm−1 was attributed to
v(M-N) mode, and they have been reported to be in the range of 500–420 cm−1 in most
metal complexes of similar compounds [46–48]. Based on the FT-IR results for both metal
complexes, it was concluded that the ligand was tetradentate. This was brought about by
the fact that coordination takes place at both pyrrole and azomethine nitrogen, which act
as donor atoms.

3.2. UV-Vis Spectral Studies

The UV-Vis spectra presented in Figure 2 were used for the illustration of BPND data
during the optimisation study. The three intra-ligand absorption bands at 227, 287, and
349 nm were consistent in all spectra except for some intensity and nature of the bands.
The short wavelength (227 nm) was attributed to the π → π∗ transition for aromatic
moiety (C=C), in which the present case presented aromatic rings of naphthalene. The
absorption band at 287 nm was assigned to the π → π∗ transition of the azomethine
moiety (C=N), and the absorption band at 349 nm was attributed to the n→ π∗ transition
of the conjugated azomethine group. These transitions were reported in the literature
for the same compounds, although some deviations were caused by the substituents
attached [49]. Ghosh et al. (2018) have reported intense intra-ligand transitions below
400 nm to be assigned to alike BPNDs [50]. The observed absorption bands of the compound
in UV-Vis spectra complement FT-IR results because they agree on most aspects. As
shown in Figure 2A,B, graphical changes which were monitored during optimisation were
displayed and the same information has also been presented in Table S1. The displayed data
were based on the intensity of the azomethine bond of the BPND ligand after microwave
synthesis based on the time variation at a constant microwave power of 400 W (A) and
power variation (B).
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The information displayed in Figure 2A was employed to designate the significance of
time for a low microwave power of 400 W. It portrayed an increase in the population of the
azomethine bond formation for the longer times as the intensity was the highest at 15 min
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relative to shorter times. However, different information for the increase in power intensity
was presented in Figure 2B. This has shown that for the synthesis duration of 8 min, the
optimum microwave power was 500 W. Beyond this power, the band intensity decreased,
which was indicative of the bond-breaking due to the high energy supplied to the system.
The graphical information justified UV-Vis data and complemented the data obtained in
the FT-IR method for the best choice of appropriate synthetic conditions for BPND.

A comparison of the ligand and metal complex spectra displayed absorption band
shifts on the Cu complex spectrum. The first two bands at high energy revealed a blue shift
(Figure 3A). The shift was related to the strong electrostatic interaction between the lone
pairs of electrons on the ligand to the metal ions. Furthermore, a new shoulder observed
at the transition band around 350 nm was linked to the involvement of the azomethine
moiety in coordination with the metal ion. Indeed, these changes in transition bands
confirmed metal–ligand coordination and agreed with previous studies [45,51]. Taking a
closer look at the Cu complex absorption spectra, there was a weak observable absorption
band around 409 nm. This transition band was attributed to the d-d transitions of the metal
ion (Cu2+). Cu(II) is a d9 metal ion and has only one transition. This is because it has one
half-filled orbital; hence, the allowed transition becomes 2E→2T2g only. This absorption
band presented a transition of the electron from t2g to eg of the half-filled orbital [52,53].
Finally, coordination has been further confirmed by the narrowing of the absorption bands
for the metal complex by comparison to those of a free ligand.
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The Ni complex spectrum (Figure 3B) disclosed several new transitions by comparison
to the spectrum of the ligand. These were attributed to the ligand, metal–ligand interac-
tion, d-d, and charge transfer transitions. The ligand transitions at 242 nm and 350 nm
experienced a redshift to 246 nm and 362 nm. Therefore, the shift to lower energy was
linked to the weak electrostatic interaction of the non-bonded electrons with the metal
ion. The observed absorption band at 224 nm was assigned to a blue shift linked to a
strong electrostatic interaction between the metal ion and the nitrogen on the pyrrole
moiety [54]. Furthermore, no observable absorption band shift on the electronic transition
at 295 nm. However, the same transition was very weak on the metal complex spectrum.
This transition was assigned to the azomethine moiety (C=N) on the ligand spectrum; its
disappearance indicates an involvement of the azomethine group in coordination with
the metal ion [46,55–57]. Transitions between the ligand orbitals have been reported to
remain always higher in energy (UV region), while transitions for the d orbitals are lower
in energy (visible region). For this reason, two weak transitions observed at 408 nm and
561 nm, which were attributed to d-d transitions of the nickel ion, were indicative of the
diamagnetic nature of the complex. Although there were three allowed transitions of Ni
ions, the two observable transitions have been assigned to A2g→3T2g and A2g→3T1g. The
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third one was obscured by ligand absorption bands [58,59]. In summary, the electronic
spectra for both copper and nickel complexes have proven coordination between the metal
ions and the BPND ligand. Specifically, the spectra have revealed coordination between
the azomethine group and nitrogen of the pyrrole moiety, although the bond orders might
vary. These results complemented FT-IR results for M-BPND bond formation.

3.3. Thermogravimetric Analysis

The thermal decomposition characteristics of the BPND ligand, copper(II), and Nickel(II)
complexes were studied using the thermogravimetric analysis (TGA) technique under nitro-
gen for temperatures ranging from 35 ◦C to 700 ◦C, as shown by thermograms in Figure 4.
Thermal analytical data of a ligand and the metal complexes including their decomposition
ranges and mass loss values were further summarised in Table 1.

Chemosensors 2022, 9, x FOR PEER REVIEW 9 of 23 
 

 

 
Figure 4. A thermogram for a Schiff base ligand only (A) and an overlay of thermograms for the 
Schiff base ligand, nickel(II), and copper(II) complexes (B) in the temperature range 35.8 °C to 700 
°C under nitrogen gas. 

Table 1. Thermoanalytical data of the BPND ligand and its metal complexes. 

Compound Temp Range 
(°C) 

Sample Tmax 
(°C) 

Mass Loss 
(%) 

Total Mass Loss 
(%) 

BPND ligand 35.8–200.2  0.06  
224.5–396.1 308.7 0.765 0.835 

Cu-BPND 
35.8–155.1  11.11  
230.3–35.2 288.2 32.66 43.8 

Ni-BPND 
35.8–212.3  10.20  

222.4–409.2 257.8 43.30 53.5 

The ligand presented two stages of dehydration, of which the first step involved a 
small mass loss of 0.06%, and this was attributed to the small residual water molecules. 
This was followed by a mass loss of 0.765% of water molecules, which were held to the 
ligand by intermolecular bonds (Figure 4). In addition, the TG curve of the Cu(II) complex 
indicated a total mass loss of 43%, which was observed in two stages. The first stage in-
volved a mass loss of 11.1% in the temperature range of 35.8–155.1 °C, which was related 
to the loss of lattice water molecules, the second stage involved a weight loss of 32.66% in 
the temperature range of 230.3–435.2 °C, which was attributed to the loss of coordinated 
water molecules [60–62]. The Ni(II) complex followed similar stages with a total mass loss 
of 53.5%, as presented in Table 1. Based on these findings, it was evident that the lattice 
and coordinated water molecules were lost at different temperatures, as revealed in Fig-
ure 4. However, the mass losses seemed to differ in amounts, which was suggestive of the 
water holding capacity for the three compounds; hence, different compounds were iden-
tified. Furthermore, Tmax (temperature at the maximum rate of decomposition) values 
were also determined from a single region of the thermographs where mass loss was 
greatest to assess the stability of three compounds. The BPND ligand with a Tmax of 308.7 
°C seemed to be more thermally stable than Cu-BPND and Ni-BPND complexes with 
Tmax values of 288.2 °C and 257.8 °C, respectively. This difference was associated with 
the water ligand held by metal complexes. 

3.4. Morphology of the Ligand and the Metal Complexes 
Scanning electron microscope (SEM) analysis was performed on the ligand and metal 

complex powders to assess the morphology of the synthesised products using SEM. Sam-
ple preparation involved a small amount of powder dispersed in alcohol, and then drops 
of the mixture were dripped onto carbon tapes and then tried for analysis. The analysis 
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Table 1. Thermoanalytical data of the BPND ligand and its metal complexes.

Compound Temp Range
(◦C)

Sample Tmax
(◦C)

Mass Loss
(%)

Total Mass Loss
(%)

BPND ligand 35.8–200.2 0.06
224.5–396.1 308.7 0.765 0.835

Cu-BPND
35.8–155.1 11.11
230.3–35.2 288.2 32.66 43.8

Ni-BPND
35.8–212.3 10.20

222.4–409.2 257.8 43.30 53.5

The ligand presented two stages of dehydration, of which the first step involved a
small mass loss of 0.06%, and this was attributed to the small residual water molecules.
This was followed by a mass loss of 0.765% of water molecules, which were held to the
ligand by intermolecular bonds (Figure 4). In addition, the TG curve of the Cu(II) complex
indicated a total mass loss of 43%, which was observed in two stages. The first stage
involved a mass loss of 11.1% in the temperature range of 35.8–155.1 ◦C, which was related
to the loss of lattice water molecules, the second stage involved a weight loss of 32.66% in
the temperature range of 230.3–435.2 ◦C, which was attributed to the loss of coordinated
water molecules [60–62]. The Ni(II) complex followed similar stages with a total mass loss
of 53.5%, as presented in Table 1. Based on these findings, it was evident that the lattice and
coordinated water molecules were lost at different temperatures, as revealed in Figure 4.
However, the mass losses seemed to differ in amounts, which was suggestive of the water
holding capacity for the three compounds; hence, different compounds were identified.
Furthermore, Tmax (temperature at the maximum rate of decomposition) values were also
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determined from a single region of the thermographs where mass loss was greatest to
assess the stability of three compounds. The BPND ligand with a Tmax of 308.7 ◦C seemed
to be more thermally stable than Cu-BPND and Ni-BPND complexes with Tmax values of
288.2 ◦C and 257.8 ◦C, respectively. This difference was associated with the water ligand
held by metal complexes.

3.4. Morphology of the Ligand and the Metal Complexes

Scanning electron microscope (SEM) analysis was performed on the ligand and metal
complex powders to assess the morphology of the synthesised products using SEM. Sample
preparation involved a small amount of powder dispersed in alcohol, and then drops of
the mixture were dripped onto carbon tapes and then tried for analysis. The analysis was
performed by exposing samples to a voltage of 5 kV. The SEM micrographs (Figure 5)
showed that the surfaces of the materials were irregular and heterogeneous in nature.
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In general, SEM images displayed irregular and heterogeneous surfaces for ligand
and metal complexes. The images also revealed some changes in the morphology of the
ligand in comparison to the complexes. The BPND ligand (Figure 5A) presented large
irregular rod-shaped structures. In some cases, the ligand depicted an irregular broken
rock shape morphology with the smaller units randomly distributed over these structures.
Cu-BPND morphology (Figure 5B) demonstrated a form of defined globular structures. The
diameters presented by these spherical surfaces were approximately 1.13 µm. On the other
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hand, tubular structures were observed in the case of Ni-BPND (Figure 5C). The formation
of bridges between the tubes led to the agglomeration of different sized structures. As
shown on corresponding micrographs, EDS spectra of as-synthesised ligand and the metal
complexes, respectively, were displayed. As presented in Figure 5, EDS spectra confirmed
the successful coordination of metal–ligand synthesis. This was observed by the presence
of Cu and Ni in the EDS spectra of as-synthesised metal complexes. The O observed in all
the spectra was due to the solvent (Propanol) used in the synthesis process. In addition, a
Cl displayed in the metal complexes in spectra (B and C) was from metal ion precursors.
These also complemented FTIR and UV-vis data that were implemented earlier to confirm
metal–ligand coordination.

4. Electrochemical Evaluation of BPND and M-BPND Prepared as Thin Films onto SPCEs

Screen-printed carbon electrodes (SPCEs) were prepared by electrodeposition of BPND
and M-BPND thin films. They were then evaluated and employed for electrochemical NO
detection. Cyclic voltammetry method was used for the deposition of BPND and M-BPND
synthesised under optimised microwave-assisted method. The electrodeposition process
included the oxidation process, which activated the pyrrole moiety of BPND to form a
radical monomer in solution. The radical material was then deposited onto the electrode by
reversing the current (reduction). This process was repeated five times to allow the growth
of the polymer chain and its subsequent deposition onto the electrode. The deposition was
observed as an increase in current at a fixed reductive potential (Figure 6). The polymer
length was dependent on the rate of polymerisation. If the rate was sluggish, the monomer
radicals would not be deposited on the electrode. In return, this might limit the polymer’s
length. Therefore, in the current work, a possibility of the formation of zig zag dimmers
or higher-order polymers would be expected, for which they have all been referred to as
BPND polymer units. This was further implied in metal complexes electrodeposited onto
the SPCE. These materials were deposited at the potential window of −600 mV to 700 mV
vs. Ag/AgCl at the working electrode. This potential window has been reported optimum
to produce sufficient charge for the monomer deposition on the working electrode [38].
A similar protocol was employed on metal complexes, but a wide potential window of
−1 V to 1 V, vs. Ag/AgCl, was employed. The increase in current intensity with small
potential shifts across the potential window as the number of CV cycles was increased,
which is suggestive of conductive thin film formation.

The investigation of the electrochemical behaviour of the BPND ligand by CV has
presented a significant step in the present study. The investigation allowed the determina-
tion of various redox couples of the ligand and was able to provide information useful for
comparisons with the metal complexes (M-BPND). The electrochemical response of BPND
deposited onto SPCE (SPCE/BPND) was presented on CV and SWV. The cyclic voltammo-
gram (Figure 6B) of this ligand exhibited two oxidation peaks, which were integrated into
one broad peak at Epa1 = −0.045 V and Epa2 = −0.090 V. These were consistent at low scan
rates (20–100 mVs−1). Nevertheless, there were positive potential peak shifts on higher
scan rates (200–500 mVs−1). The two current peaks were attributed to the oxidation of the
pyrrole moiety resulting in a radical cation BPND•+ and the oxidation of the azomethine
group resulting in the dication of BPND2+ of BPND, respectively [63,64]. Nonetheless, the
reduction sweep has shown one distinct main reduction peak observed at Epc = −0.415 V.
However, there were some deviations at high scan rates. These include increased current
intensities and peak potential shifts to negative potentials. By comparison with the litera-
ture, the observed wave could correspond to a reduction in the oxidised azomethine group,
which was discussed for a forward scan, and it was evident that the pyrrole system was
irreversible [20,21]. The average peak separation and peak current ratios were given as
∆E = 429 mV/n, and Ipa/Ipc = 0.412 could reflect a quasi-reversible redox process with a
formal potential (E◦′) of −269 mV.
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Figure 6. Cyclic voltammogram for electrodeposition of the BPND ligand on an SPCE in a 4 mL
of a 1:1 mixture of 0.1 mM HCl and DMF recorded at the scan rate of 50 mV/s (A), a CV data of
SPCE/BPND (B) and SWV of both anodic and cathodic waves (C) both in PBS of pH 7.0 in the
potential window of −1 to 1 V vs. Ag/AgCl.

In comparison to CV, a SWV technique has always been regarded as more sensitive.
Therefore, the method was used to complement the CV technique (Figure 6C). The anodic
peaks observed at −0.399 V, 0.278 V, and −0.096 V complemented the data obtained
from CV where only two current peaks were visible. However, the additional peak was
an indication of the involvement of naphthalene in a redox process, as reported in the
literature [65]. It has also been reported that the possibility of obtaining a reliable current
peak value of naphthalene by CV is limited, while a good signal prevails by SWV [66].
This has shown the advantage of the SWV technique. Moreover, the single peak current
observed in the backward sweep was still attributed to the azomethine group since Schiff
bases have been found to be prone to the reduction of the C=N bond, forming a saturated
amine [42].

The cyclic CV of an electroactive copper(II) complex on SPCE (SPCE/Cu-BPND)
depicted in Figure 7A presented a reversible electrochemical behaviour of the redox couple
Cu(II)/Cu(I). On the forward anodic scan, the three well-defined oxidation peaks a, b, and
c were observed. Similarly, on the reverse sweep, there were three reduction peaks, a′, b′,
and c′, which were portrayed. Based on the scan rate of 60 mV/s, the values for the anodic
and cathodic peak potentials exhibited by a redox couple a-a′ were Epa = −0.497 V and
Epc = −0.856 V, respectively. This first redox couple was attributed to the redox process of
the metal centre (Cu(II)/Cu(I)), with the peak separation of ∆E = 359 mV and a peak current
ratio of Ipa/Ipc = −0.306. Therefore, if the redox scan was limited to the first oxidation-
reduction couple, then a quasi-reversible redox couple with E1/2 = −0.677 V vs. Ag/AgCl
was observed. The redox processes of Cu(II)/Cu(I) were not associated with any chemical
reactions as the formal potential (E1/2) values were very similar at different scan rates
(0.01–0.1 V) [67,68]. However, Cu(I) may highly be unstable in aqueous solutions, which
may be associated with many factors including the complexing ligand nature, ability of the
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binding anions to accept π-electrons, complex geometric structure, etc. In this regard, the
stability of the Cu(I) complex was enhanced by the insolubility of the complex in an aqueous
solution and the pi system in the ligand structure, which allowed electron back donation
favoured by Cu(I) [69–71]. The peak couples b-b′ and c-c′ were observed practically at the
same potential values as the corresponding CV of the free ligand and were attributed to the
redox processes of the azomethine group and a pyrrole ring nitrogen [72,73]. In addition,
peak b was found to be well-defined in the complex material while being integrated into
one broad peak in a free ligand, which reflected the interaction between the metal ion and
the ligand. The formal potential (E1/2) value of −0.726 and specifically −0.689 V at the
scan rate of 60 mV/s was comparable to that of −0.677 V obtained from the CV of a free
ligand at the same scan rate. The ∆E of the Cu(II)/Cu(I) redox couple was 141 mV. This ∆E
magnitude was larger than could be expected for a one-electron transfer process. Therefore,
it reasonably revealed a quasi-reversible electrochemical process.
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Figure 7. Cyclic voltammogram of SPCE/Cu-BPND (A), cyclic voltammogram of te SPCE/Ni-
BPND (B), both obtained in a 0.1 M PBS (pH 7.0) at scan rates 10 to 100 mV/s vs. Ag/AgCl.

The Ni(II) complex deposited onto SPCE (SPCE/Ni-BPND) demonstrated both anodic
and cathodic waves (cyclic voltammogram of te SPCE/Ni-BPND (B), both obtained in
a 0.1 M PBS (pH 7.0) at scan rates 10 to 100 mV/s vs. Ag/AgCl7B). These occurred at
approximately −0.476 V and −0.772 V, respectively, and were assigned to Ni(II)/Ni(I)
redox couples. It has been reported earlier that, in advancement to larger macrocyclic
rings, the Ni(II)/Ni(I) redox process has always seemed to occur with greater ease, while
the Ni(II)/Ni(III) redox process requires more energy [74,75]. This complex as shown in
Figure 7B displayed a quasi-reversible redox process with a peak separation (∆E) of 0.2963V,
current peak ratio (Ipa/Ipc) of 0.388 and formal potential (E1/2) of −0.624 V. In addition,
the ∆E of the Ni(II)/Ni(I) redox couple was found as 186 mV, which further confirmed a
quasi-reversible redox process.

4.1. Morphology of Electrode Systems

A high-resolution scanning electron microscope (HRSEM) at a 5.0 kV EHT SEM unit
was used for modified electrodes evaluation. The samples were coated with carbon, and
images were collected using HRSEM Leo. The magnification of the images was 20 kx. SEM
analysis was performed on the ligand, and metal complexes were electrodeposited onto
the SPCE surfaces to assess the morphology of the synthesised polymer films. The SEM
micrographs of SPCE/BPND (A), SPCE/Cu-BPND (B), and SPCE/Ni-BPND (C) polymeric
complexes are displayed in Figure 8.

Based on SEM images (Figure 8), the materials on the electrode surfaces seemed
cloudier as compared to the carbon-coated on the unmodified electrode areas. This was an
indication of the incorporation of materials on the electrode’s surfaces. Electrode modifica-
tion has been said to increase both the roughness and active surface area of the electrode.
Therefore, the increased roughness and porous net structures of the electrode surface led
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to a greater electron transfer rate [42,76]. In addition, a large electrode surface area has
been reported to enhance an excellent magnitude of current in comparison to a bare elec-
trode surface [42]. The images exhibited the successful deposition of the materials on the
surfaces of the electrodes, although partial coverages were observed for the ligand and
Cu(II) complex (Figure 8A,B). Better coverage of the electrode surface was observed on the
Ni(II) complex-modified SPCE with faceted particles. Particles were agglomerated onto the
electrode’s surface (Figure 8C). However, the small spherical agglomerated particles were
related to a residual amorphous ligand material. The irregular and heterogeneous mor-
phology of the films could be related to the growth mechanism and geometrical influence
of the material; hence, it is suggestive of three-dimensional growth on the surface [77].
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Figure 8. SEM micrographs of a Schiff base ligand polymer (A), Cu complex polymer (B), and Ni
complex polymer (C) on the screen print carbon electrode.

The SEM image of SPCE/BPND (A) was particularly found to be different from
those of the corresponding metal complexes. The shown film layers may reveal a zigzag
continuous polymer of four units or a cluster of dimer units. However, as displayed in
Figure 8B,C, the islands of dimer units SPCE/Cu-BPND were portrayed. SPCE/Ni-BPND
also displayed the island clusters of dimer units. This was an indication that the insertion
of the metal centres played a vital role in changing the structure and nature of the material.

4.2. Analytical Response of Chemical Sensors towards NO Detection

NO is one of the vital chemical species synthesised within the mammalian body
by NO synthase. As much as research mostly concentrates on NO free radical (NO•),
it is also important to consider its anionic (NO−) and cationic (NO+) forms as they are
chemically related. In contrast to the NO produced endogenously, NO may also be pro-
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duced exogenously using NO donors, which are chemical compounds that generate NO.
These compounds include organic nitrates, sydnonimines, S-nitrosothiols, NONOates,
etc. [12,78,79]. The latter is always preferred because of its spontaneous decomposition
under physiological conditions (37 ◦C at pH 7.4) to release two NO moles per every mole
of a donor molecule.

4.2.1. DEA NONOate Standard Solutions

Diethylamine NONOate (DEA NONOate) was used as a NO donor for the current
detection study. However, NONOates being pH-dependent for their decomposition into
2:1 NO to parent amines do not dissociate in basic solutions. In this regard, a DEA
NONOate stock solution (50 mM) was prepared by dissolving the commercially bought
DEA NONOate salt in 1 mL of 0.1 M NaOH solution. The stock solution was then divided
into 10 vials of 100 µL each. A 0.5 mM sample of DEA NONOate was prepared from a
50 mM stock solution and kept at temperatures < 0 ◦C in the dark. The release of NO was
initiated by injecting different amounts of aliquots (0.1 to 5 µM) of the NONOate stock
solution in 4 mL of 0.1 M phosphate buffer solution (PBS, pH 7.2). As NO release has
been found rapid in acidic solutions, the use of a PBS of pH 7.2 has been ideal for the rate
retardation of DEA NONOate dissociation as a means of providing time for a detection
process. Again, this pH did not lead to fouling of the electrodeposited materials on the
electrode’s surfaces as acidic solutions could.

4.2.2. UV/Vis Analysis of DEA NONOate Dissociation

The dissociation of DEA NONOate was observed under changes taking place in UV-
Vis absorption. To study this behaviour, a time-dependent dissociation of a 5 µM DEA
NONOate solution in 3 mL 0.1 M PBS was evaluated over 2 min intervals. The half-life
of DEA NONOate at pH 7.4 and 26 ◦C was reported as 9 min and <10 sec for NO to be
released [80]. This has given enough time to monitor a release of NO from the parent
compound under the oxic environment.

DEA NONOate dissociation was characterised by first-order reaction kinetics. The
NONOate compound (N) obeyed the kinetics relationship given by [N] = [N]0 exp(−kt),
where k was the first-order decomposition rate constant. As demonstrated in Figure 9,
a 5 µM DEA NONOate time-dependent decomposition in a 0.1 M PBS was monitored
over 10 min interval. The curve illustrated the decrease in absorbance with time at the
wavelength of 250 nm. This was achieved by using the absorbance data from the same
figure, which has been associated with decaying absorbance of the NO donor concentration
at a given time interval. By employing Beer–Lamberts Law, A = εcl a decomposition rate
constant (k) was found from the UV data as 2.22 × 10−3 M−1 s−1. UV data are further
presented in Table 2 and summarised graphically in Figure 10.

Table 2. Data relating NONOate concentration to that of NO obtained from time-dependent
NONOate absorbance.

Time (s) DEA NONOate
Concentration/µM Absorbance NO

Concentration/µM

0 5.0 0.0260 0.00
59.025 5.017 0.0261 0.00

118.050 4.053 0.0211 1.28 × 10−6

177.075 3.948 0.02052 1.35 × 10−6

236.100 3.709 0.0193 1.57 × 10−6

295.125 3.533 0.0184 1.69 × 10−6

354.150 3.446 0.0179 1.69 × 10−6

413.175 3.297 0.0171 1.76 × 10−6

472.200 3.271 0.0170 1.70 × 10−6

531.225 3.096 0.0161 1.77 × 10−6
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As presented in Figure 10, the nitric oxide release as a function of DEA NONOate
dissociation in a 0.1 M PBS over a time range of 600 s has been recorded under UV. The
steepness of the plot was an indication of the NO generation rate, which was 10.5 nM/s in
the time range of 2 to 4 min. However, the NO release rate changed to 0.60 nM/s in the
time range of 5 to 7 min. This has been a sign that the NO release was highest in the first 4
min, while it gradually decreased from 5 to 7 min; finally, the curve almost seemed to level
off. This information was vital for electrochemical analysis. In this case, the choice of the
analytical cycle current intensity on the CV technique was based on optimal NO signals in
relation to UV results. The current experimental design employed Diethylamine NONOate
(DEA NONOate) as a NO donor because of its capability in dissociating into nitric oxide
and the parent amine compound. DEA NONOate has been used to model the behaviour of
NO for a series of experiments during the detection process.
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As a first approach, the cyclic voltammetry method was implemented for the detection
of NO and to explore the electrochemical behaviour of DEA NONOate during its dissocia-
tion. The strategy for NO detection involved recording the peak current from the chosen CV
cycle at the respective sensors. Data were acquired in 4 mL of a 0.1 M PBS (pH 7.2), which
also involved a controlled NONOate injection in the concentration range of 0.1 to 5 µM in
a 4 mL PBS (pH 7.2). The potential windows of −1 to +1 V and the scan rate of 50 mV/s
vs. Ag/AgCl were employed throughout the detection process. The stabilisation of the
respective sensors was achieved by performing repeated cycles until the current peak
intensity was maintained. Following the stabilisation process, DEA NONOate aliquots
were injected into the sensor vicinity, and cyclic voltammetry was instantly performed. It
should be noted that DEA NONOate takes about 10 min to dissociate. Therefore, 10 min
of repeated 8 CV cycles wase performed to monitor the effect of the NO release in each
stage. The addition of the analyte into the sensor system was performed without any delay
between the cycles. Of these eight cycles, the second cycle (120 s) was used as an analytical
signal reporting cycle of the current response for quantification. The protocol was further
illustrated on the concept map in Scheme S2. The results have been displayed in Figure 11
to illustrate a protocol followed in the study.
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Figure 11. Cyclic voltammograms of an unmodified SPCE before NONOate injection (black), unmod-
ified SPCE after NONOate injection (red), a modified electrode with the metal complex (blue) and
a modified electrode in the presence of NONOate (green) and their current responses (A), current
response after the 1st injection of a 0.1 µM of a DEA NONOate solution in a 0.1 M PBS (B), and the
current response relative to the stabilised material and 1st cycle only (C); all performed in 0.1 M PBS
(pH 7.2) in the potential range of −1 to 1 and a scan rate of 50 mV/s under ambient conditions.

As illustrated in Figure 11, the general approach employed for the NO detection study
was established. Based on this illustration, there was no observable redox activity of NO at
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the unmodified electrode. However, after electrode modification with metal complexes, a
redox couple was observed between−0.54 and−0.56 V. It was in that potential range where
the activity of NO has been observed upon DEA NONOate injection. The effect for the
peak of interest was more pronounced in the reduction peak around 0.56 V (x). Following
the CV of the stabilised material, the reduction peak current was monitored for analytical
reporting of NO. This was vital in monitoring a sensor response upon introduction of DEA
NONOate in a PBS solution. As illustrated in Figure 11B,C, sensor response after injection
of a 0.1 µM DEA NONOate solution was visible. The current intensity of the reduction
peak around −560 mV (labelled q in Figure 11), and it was also identified as the peak
responding to NONOate introduction that has reached a maximum (in 2–3 min) and then
slowly decreased for the following six scans. These data have complemented UV results,
which showed high NO release in the time range of 2 to 4 min. Similar results have been
reported for metallophthalocyanines with Ni and Copper centres [9].

The mechanism below was meant to demonstrate the possible NO detection protocol
by using electroreductive means and mediated via metal centres M (Ni or Cu) [81,82].
Hence, the same signal outcome upon introducing the same substrate amount has been
observed, revealing electrocatalytic behaviour.

M(II) + NO→M(II)-NO electrostatics (binding)

M(II)-NO + e− →M(II)-NO− electroreduction

2M(II)-NO− + 2H+ → + 2M(II) + N2O + H2O catalyst recovery

As demonstrated in the mechanism above, it has become natural that the role of metal
centres in complexes have for long played a role of simply binding NO by the static charges.
In this regard, the material enabled the electron transfer from the electrode to the bound
NO species to form NO−. As a result, a measurable signal was generated [9].

Following the qualitative analysis of NO detection, further investigations on quan-
titative analysis strategy had to be employed. The same conditions were employed, in
which a 4 mL 0.1 M PBS was used for NO determination by using CV in the potential
range of −1 to 1 V and the scan rate of 50 mV/s vs. Ag/AgCl. The modification was on the
amount of the NONOate solution injected into the system. In this case, instead of injecting
the same amount of the NONOate solution into the sensor system, the concentration was
varied by increasing the volume of the successive injected analyte as a means of increasing
concentration in each step. Therefore, the current response measured resulted from different
injected analyte volumes (4, 8, 12 µL . . . for 0.1, 0.2, 0.3 . . . µM). The resulting voltammo-
grams have been displayed in Figure 12A,B, while complementary data were tabulated in
Tables S2 and S3 for 10-point sampling, which was vital for the calibration curves.

The current responses displayed by the two types of sensors were for DEA NONOate
concentration in the range of 0.1 to 1 µM, as measured in 0.1 M PBS. As presented in
Figure 12C, an SPCE/Cu-BPND based sensor has a lower limit of detection (LOD) and
lower limit of quantification (LOQ) of 0.53 µM 1.61 µM, respectively, for DEA NONOate. On
the other hand, the SPCE/Ni-BPND-based sensor (Figure 12D) has a lower limit of detection
(LOD) and lower limit of quantification (LOQ) of 0.21 µM and 0.64 µM, respectively, for
DEA NONOate. The two sensors have also shown a sensitivity of 13.1 µA/µM and
16.3 µA/µM for SPCE/Cu-BPND and SPCE/Ni-BPND sensors, respectively (Table 3).
Although the results have shown the SPCE/Ni-BPND-based sensor to be better than the
SPCE/Cu-BPND sensor, based on the data for limits of detection and sensitivity of the
materials towards NO detection, statistically, the two seemed to have performed in almost
the same manner. However, regression coefficients (R2) of 0.92 (SPCE/Cu-BPND) and 0.96
(SPCE/Ni-BPND) (Table 3) for the average plotted data have shown the compromised
precision and linearity of the data points, and the situation was even worse on SPCE/Cu-
BPND. The Standard deviations provided a measure of deviation from the mean values. In
general, the sensors displayed error bars indicative of good reproducibility but could be
improved to yield exciting results for the direct detection of NO from aqueous samples.
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Figure 12. Cyclic voltammograms of the current response of the copper–ligand sensor to DEA
NONOate dissociation (A); the current response of the nickel–ligand sensor to DEA NONOate
dissociation (B) both in 0.1 M PBS (pH = 7.2) at a scan rate of 50 mV/s for successive independent
concentration increase (0.1, 0.2, 0.3 . . . 1 µM). Calibration curves of the average current responses
data of copper–ligand (C) and nickel–ligand (D) materials deposited on SPCE, which also include
error bars obtained from standard deviation.

Table 3. Linear regression analysis of SPCE/Cu-BPND and SPCE/Ni-BPND sensors for DEA
NONOate detection.

Material R2 Slope
(A/M)

LOD
(µM)

LOQ
(µM)

Linear
Range/µM

STD
(n = 10)

SPCE/Cu-BPND 0.924 13.1 0.53 1.61 0.1–1 1.25
SPCE/Ni-BPND 0.964 16.3 0.21 0.64 0.1–1 1.04

5. Conclusions

Schiff base ligands (N,N′-bis(1H-pyrrole-2yl)methylene naphthalene-2,3-diimine (BPND)
were synthesised by the condensation reaction of pyrrole-2-carboxaldehyde and 2,3-
diaminonaphthalene under microwave irradiation. Microwave-assisted synthesis drasti-
cally reduced synthesis time from 48 h to less than 15 min compared to the classical heating
method. The optimised synthesis conditions were determined to be 13–15 min with a mi-
crowave power of 400–500 W. Shorter times resulted in incomplete reactions, while longer
times and high microwave power resulted in the degradation of the product. A similar
protocol was followed for the synthesis of corresponding Schiff base-metal complexes with
Cu and Ni. The materials were evaluated electrochemically as thin films electrodeposited
onto screen printed carbon electrodes. These materials presented good adherence to the
electrode’s surface and redox electrochemistry between −1 and +1 V vs. Ag/AgCl.
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NO sensing capability was demonstrated using an in situ donor species for which
Cu- and Ni-modified sensors reported 13.1 ± 1.25 and 16.3 ± 1.04 µM NO detection
sensitivities, respectively. The results reported by the Cu- and Ni-modified Schiff base
sensors, were found to be statistically similar toward NO detection. These electrochemical
sensors demonstrate a promising, quick, and inexpensive concept for direct NO sensing.
However, further validation is required for the detection of NO in real samples as a means
of tracing cancer biomarkers in vivo.

Furthermore, the successful synthesis and characterisation of the metalated monomeric
Schiff base materials demonstrated in this work open the doors for the development of
similar materials with alternative metal centres (i.e., Mo, Mn, La, Au, Li, Zn, etc.), which
may be applied to the diagnosis of health glitches such as cancer, arthritis, depression,
wounds, chronic kidney diseases, etc.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10.3390/
chemosensors10050175/s1. Figure S1: FT-IR spectra of the BPND ligand synthesised at 400 W for
8, 10 13, and 15 min (A) and power variation from 500 W to 700 W with an increase of 100 W only at
8 min and 13 min (B) in the spectral range 400–4000 cm−1, Figure S2: Electronic spectra of a BPND
ligand after microwave synthesis based on the time variation of 8, 10, 13 and 15 min for the constant
microwave power of 400 W (A), power variation of 400, 500, 600 and 700 W for both 8 and 13 min (B),
Table S1: BPND optimization studies parameters, Table S2: Analytical data for SPCE/Cu-BPND
sensor response for DEA NONOate detection, Table S3: Analytical data for SPCE/Ni-BPND sensor
response for DEA NONOate detection, Scheme S1: Synthesis protocol and characterization techniques
performed, Scheme S2: Concept map for NO detection process.
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