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Abstract: Novel cost-effective screen-printed potentiometric platforms for simple, fast, and accurate
assessment of Fluoxetine (FLX) were designed and characterized. The potentiometric platforms
integrate both the FLX sensor and the reference Ag/AgCl electrode. The sensors were based on the use
of 4′-nitrobenzo-15-crown-5 (ionophore I), dibenzo-18-crown-6 (ionophore II), and 2-hydroxypropyl-
β-cyclodextrin (2-HP-β-CD) (ionophore III) as neutral carriers within a plasticized PVC matrix.
Multiwalled carbon nanotubes (MWCNTs) were used as a lipophilic ion-to-electron transducing
material and sodium tetrakis [3,5-bis(trifluoromethyl)phenyl] borate (NaTFPB) was used as an
anionic excluder. The presented platforms revealed near-Nernstian potentiometric response with
slopes of 56.2 ± 0.8, 56.3 ± 1.7 and 64.4 ± 0.2 mV/decade and detection limits of 5.2 × 10−6,
4.7 × 10−6 and 2.0 × 10−7 M in 10 mM Tris buffer solution, pH 7 for sensors based on ionophore I,
II, and III, respectively. All measurements were carried out in 10 mM tris buffer solution at pH 7.0.
The interfacial capacitance before and after insertion of the MWCNTs layer was evaluated for the
presented sensors using the reverse-current chronopotentiometry. The sensors were introduced for
successful determination of FLX drug in different pharmaceutical dosage forms. The results were
compared with those obtained by the standard HPLC method. Recovery values were calculated
after spiking fixed concentrations of FLX in different serum samples. The presented platforms can be
potentially manufacturable at large scales and provide a portable, rapid, disposable, and cost-effective
analytical tool for measuring FLX.

Keywords: screen printed; potentiometric sensors; multi-walled carbon nanotubes (MWCNTs);
fluoxetine; nanomaterials-based sensors

1. Introduction

Fluoxetine (FLX), N-methyl-3-phenyl-3-[4-(trifluoromethyl) phenoxy] propan-1-amine,
is a medical drug primarily used to manage major depressive disorder (MDD). MDD
is characterized by depressed mood, loss of interest in daily activities, altered cognitive
function, and deterioration in physical health, resulting in a reduced quality of life [1]. FLX
is used as a drug therapy for MDD treatment as it lifts mood without major side effects and
prevents disease relapse [2]. Both R and S enantiomers racemate in equimolar amount and
classified as an inhibitor of selective serotonin reuptake (SSRI) [3]. The importance of FLX
as a selective serotonin reuptake inhibitor (SSRI) is that it is safer than other antidepressants
that have adverse effects and is therefore approved for pregnant women and adolescents,
as well as children [4]. FLX is metabolized by N- de-methylation to the active metabolite
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norfluoxetine in the liver. However, its production takes a few days because FLX has a
longer half-life than its metabolite norfluoxetine [5]. So, it has become difficult to measure
the active metabolite in plasma. Longer duration studies are required, which adds to the
limitations of such studies involving human volunteers. As a result, most analytical studies
are based on measuring the levels of FLX and not its metabolite in biological fluids to
extrapolate the pharmacokinetics and pharmacodynamics [6].

Different analytical methods were reported for FLX assessment in both pharmaceutical
dosage and biological fluid samples, including the high-pressure liquid chromatography
(HPLC) [7–9], gas chromatography, [10–12] liquid-chromatography coupled with MS de-
tection, [13–15] capillary electrophoresis, [16–18] fluorimetry, [19] spectrometry, [20–23]
voltammetry, [24–27] and potentiometry [28–31]. Almost all these methods are sophisti-
cated, imply high-cost instruments, have long run-time for analysis and require well-trained
analysts. In addition, they imply manual extraction from the biological samples, followed
by subsequent chromatographic separation and quantification. This manual extraction
step results in these methods having low sensitivity, narrow range, and requiring a large
volume of biological samples.

Among these analytical methods, all-solid-state ion-selective electrodes (ISEs) based
on potentiometric transductions revealed several merits. They are cost-effective, rapid,
accessible, and precise analysis, simple instrumentation, and incorporated functionality. In
addition, they offer a practical viable method without sample pre-treatment, prolonged
analysis time and sophisticated experimental establishment [32–35]. All solid-state screen-
printed ISEs have been chosen for flexible, reliable, and low-cost platforms for potentiomet-
ric analytical devices. [36–39] The advantages and limitations of the previously reported
potentiometric sensors [28–31] in comparison with the presented sensors are shown in
Table 1.

Table 1. Comparison of the presented sensors with previously reported potentiometric ion-selective
electrodes (ISEs).

Sensing Material Electrode Type Slope,
mV/DECADE

Detection
Limit, M

Lower Limit of
Linear Range, M

Working pH
Range Ref.

Fluoxetine/picrolonate Liquid polymeric 51 ± 0.5 6 × 10−6 8 × 10−6 1–5 28

Fluoxetine/tetraphenylborate
Liquid polymeric 58.5 2.3 × 10−5 4.3 × 10−5

4.0–7.5 29Coated wire graphite
electrode 55.5 2.5 × 10−5 5.4 × 10−5

Fluoxetine/tetraphenylborate Liquid polymeric 51 3.0 × 10−6 3.0 × 10−6
4.0–7.5

30
Fluoxetine/phosphotungstate 51.8 5.0 × 10−6 5.0 × 10−6

Molecular imprinting
polymer (MIP), acrylamide Solid-contact ISEs 58.9 ± 0.2 2.1 × 10−6 1.0 × 10−5 10 mM acetate

buffer of pH 4.5 31

Ionophore I
Solid-contact ISEs

56.2 ± 0.8 5.2 × 10−6 6.5 × 10−6 10 mM Tris
buffer solution

of pH 7
This workIonophore II 56.3 ± 1.7 4.7 × 10−6 5.6 × 10−6

Ionophore III 64.4 ± 0.2 2.0 × 10−7 2.0 × 10−7

In this work, a reliable, robust, simple, and cost-effective analytical method based
on potentiometric detection for FLX assessment was presented. The method is based on
the preparation and characterization of new potentiometric all solid-state screen-printed
planar electrodes. Three neutral carrier ionophores were used as artificial receptors for
the recognition of fluoxetine. MWCNTs were used as an ion-to-electron transducer. The
performance characteristics in terms of detection limit, linearity, sensitivity, selectivity,
accuracy, intra-day and inter-day repeatability, potential stability, method robustness, and
method ruggedness were tested and evaluated. Successful applicability of the presented
sensors was carried out for FLX determination in different pharmaceutical preparation
samples. Method recovery was evaluated using spiking addition method after spiking
known amounts of FLX in different human serum samples.
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2. Materials and Methods
2.1. Chemicals and Reagents

High molecular weight poly (vinyl chloride) (PVC), dioctyl phthalate (DOP), o-
nitrophenyloctyl ether (o-NPOE), dibutyl sebacate (DBS), 2-hydroxypropyl-β-cyclodextrin
(2-HP-β-CD), sodium tetrakis [3,5-bis(trifluoromethyl)phenyl] borate (NaTFPB),
tris(hydroxymethyl)aminomethane (Tris), 4′-nitrobenzo-15-crown-5 (ionophore I) and
dibenzo-18-crown-6 (ionophore II), were obtained from Sigma Aldrich (St. Louis, Missouri,
MO, USA). Tetrahydrofuran (THF) was obtained from Fluka AG (Buchs, Switzerland) and
freshly distilled prior to use. Ag/AgCl ink (E2414) was purchased from Ercon (Wareham,
MA, USA). MWCNTs were purchased from (EPRI, Cairo, Egypt). Pure fluoxetine.HCl (FLX)
was obtained from Pharaonia Pharmaceuticals (Alexandria, Egypt). All drugs containing
FLX were collected from the local market such as Prozac (20 mg/capsule; Lilly, France),
Philozac (20 mg/capsule; Amoun, Egypt), Flutin (20 mg/capsule; Eipico, Egypt) and
Depreban (20 mg/capsule; Amirya, Egypt).

For the preparation of the stock FLX solution (10−2 M), a definite weight of the pure
drug was dissolved in 100 mL de-ionized water. The working solutions (10−7–10−2 M)
were prepared after accurate dilution of the stock solution. The solutions were stored in
brown bottles and kept in the refrigerator. All calibration measurements were carried out
in 10 mM Tris buffer solution of pH 7.

2.2. Apparatus

A Millipore Milli-Q system was used for obtaining de-ionized water (18.2 MΩ·cm
specific resistance) to prepare all solutions. All potentiometric experiments were carried
out at 25 ± 1 ◦C, using pH/mV meter (PXSJ-216, INESA-Scientific Instrument Co., Ltd.,
Shanghai, China). Chronopotentiometric measurements were carried out using a three-
electrode cell containing the screen-printed electrode and a platinum wire as an auxiliary
electrode. For these measurements, Metrohompotentiostat/galvanostat (Autolab-model
204, Herisau, Switzerland) was used.

2.3. Electrode Fabrication and Potential Measurements

The screen-printed electrode (SPE) was made from ceramic as a supporting substrate
with 0.1 mm thickness and 35 mm length. Two screens were printed and coated with carbon
ink. For the preparation of the reference electrode, one of the carbon screens was coated
with Ag/AgCl ink and then dried at 70 ◦C for 10 min. The reference membrane cocktail
was prepared by dissolving 78.1 mg polyvinyl butyral (PVB), 50 mg NaCl in 1 mL methanol.
10 µL of this solution was drop-casted on the Ag/AgCl orifice and left to dry overnight.
MWCNTs were dissolved in THF (1 mg/mL), and 15 µL was deposited by drop-casting
onto the carbon sensing area. After drop-casting, the solution was left to dry for 3 min. The
FLX-selective membrane contained 100 mg of the components in 1.5 mL THF as: Either
ionophore I, II or III (2.0 %), KTFPB (1.0%), PVC (32.0%), and plasticizer (65%). A 15 µL of
the membrane solution was added by drop-casting onto the modified carbon orifice and
left to dry overnight. The prepared screen-printed electrodes were conditioned before use
in a mixture solution containing 10−3 M FLX.HCl (pH 7.0) and 1 M NaCl for 4 h.

The electromotive forces (emf) were measured at 25 ± 1 ◦C. The constructed poten-
tiometric cell was immersed in stirred solutions. A correction was made for the EMF
values according to the Henderson equation to eliminate the liquid-junction potential.
Activity coefficients of the working standard FLX solutions were evaluated according to
Debye–Huckel approximation. The electrode’s performance characteristics were evaluated
according to the IUPAC recommendations [40,41].

2.4. Chronopotentiometric Measurements

Constant-current chronopotentiometry measurements were conducted to test the
short-term potential stability of the presented electrodes and to evaluate the double-layer
capacitance of both MWCNTs as an ion-to electron transducer [42]. The designed electro-
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chemical cell was connected in a one-compartment cell in 10 mM FLX at room temperature.
The auxiliary electrode was a Pt wire. A constant current of ±1 nA was applied on the
working electrode for 60 s followed by a reversed current for another 60 s.

2.5. Application to Real Samples

Four commercially available drugs containing FLX were chosen to test the applicability
of the presented electrodes. They were represented commercially as Prozac, Philozac, Flutin,
and Depreban capsules. All of these samples contain 20 mg FLX/capsule. Five capsules
from each drug type were grinded and accurately weighed. The weighed amount of the
powder was dissolved in 10 mM Tris buffer solution, pH 7 and sonicated until complete
dissolution for 45 min. The solution is completed by the buffer to 100 mL resulting in
1000 µg/mL FLX stock solution. Different concentrations were prepared after dilution from
the stock solution. From the constructed calibration plot, the amount of FLX in the samples
was determined under the same conditions.

To test the applicability of the presented sensors towards FLX determination in compli-
cated matrices, different human serum samples were spiked with known amounts of FLX.
A total of 9-mL (100 µL of human serum + 8.9 mL of 10 mM Tris buffer, pH 7) was placed in
a 20-mL beaker. An aliquot of different FLX concentration solutions (1.0 mL) was added to
the human sample and thoroughly mixed and used for FLX measurements. The analytical
device was then inserted in the test solution and the potential readings were recorded after
stabilization. From the calibration plot, the FLX concentration was calculated.

3. Results
3.1. Sensors’ Characterizations

All solid-state ion-selective sensors responsive for FLX were designed, character-
ized, and successfully applied for the drug analysis. The membrane sensors were based
on 4′-nitrobenzo-15-crown-5 (ionophore I), dibenzo-18-crown-6 (ionophore II), and 2-
hydroxypropyl-β-cyclodextrin (2-HP-β-CD) (ionophore III) as recognition receptors. MWC-
NTs were used as solid-contact transducers between the ion-sensing membrane and the
electrode conductor. For membrane optimization, three different plasticizers were used to
test their polarities’ effect on the sensitivity and selectivity of the presented potentiometric
sensors. The performance characteristics of the presented sensors were electrochemically
evaluated, and the results were listed in Table 2.

The obtained results showed that all ionophores can form an inclusion complex with
hydrophobic guest molecules, because their cavities are exo-hydrophilic endo-hydrophobic [43].
They act as neutral carrier incorporating strong multiple hydrogen bond donor groups (-O-)
which assist conformational adjustments of FLX for maximum Vander Waals forces [44].
The size of ionophore III cavity fits and accommodates the FLX molecule more than
ionophores I and II.

For sensors based on ionophore I, they revealed a near-Nernstian response towards
FLX ions with slopes of 56.2 ± 0.8, 40.5 ± 1.2 and 40.4 ± 0.7 mV/decade and detection
limits of 5.2 × 10−6, 6.0 × 10−6 and 1.0 × 10−5 M for the membranes plasticized with
o-NPOE, DOP, and DBS, respectively. Sensors based on ionophore II exhibited near-
Nernstian slopes of 56.3 ± 1.7, 52.2 ± 1.4 and 53.6 ± 0.3 mV/decade with detection limits
of 4.7 × 10−6, 6.3 × 10−6 and 2.0 × 10−5 M for membranes plasticized with o-NPOE, DOP,
and DBS, respectively. For sensors based on ionophore III, they exhibited near-Nernstian
potentiometric response with slopes of 64.4 ± 0.2, 48.4 ± 0.7 and 43 ± 0.4 mV/decade and
detection limits of 2.0 × 10−7, 8.0 × 10−7 and 3.2 × 10−6 M for the membranes plasticized
with o-NPOE, DOP, and DBS, respectively.

The results obtained revealed that the solvent polarity of the membrane plasticizer
significantly affects the response of the sensors. Figure 1A,B showed that high dielectric
constant plasticizer (e.g., o-NPOE, є = 24) is more favorable than low-dielectric constant
plasticizers (e.g., DOP, є = 7 and DBS = 4) [45].
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Table 2. Potentiometric response characteristic of FLX sensors in 10 mM Tris buffer, pH 7.

Parameters
Ionophore I Ionophore II Ionophore III

o-NPOE DOP DBS o-NPOE DOP DBS o-NPOE DOP DBS

Slope (mV/decade) 56.2 ± 0.8 40.5 ± 1.2 40.4 ± 0.7 56.3 ± 1.7 52.2 ± 1.4 53.6 ± 0.3 64.4 ± 0.2 48.4 ± 0.7 43 ± 0.4
Detection limit (M) 5.2 × 10−6 6.0 × 10−6 1.0 × 10−5 4.7 × 10−6 6.3 × 10−6 2.0 × 10−5 2.0 × 10−7 8.0 × 10−7 3.2 × 10−6

Correlation coefficient (R2) 0.999 0.999 0.997 0.999 0.999 0.998 0.999 0.997 0.998

Linear range (M) 6.5× 10−6–
1.0× 10−2

6.5× 10−6–
1.0× 10−2

4.0× 10−5–
1.0× 10−2

5.6× 10−6–
1.0× 10−2

4.5× 10−6–
1.0× 10−2

4.6× 10−5–
1.0× 10−2

6.0× 10−7–
1.0× 10−2

3.2× 10−6–
1.0× 10−2

1.0× 10−5–
1.0× 10−2

pH range (pH) 4.5–8.5 4.5–8.5 4.5–8.5 4–9 4–9 4–9 4–9 4–9 4–9
Precision (mV %) 1.2 1.4 1.5 1.3 1.5 1.2 1.3 0.9 1.1
Accuracy (mV %) 99.8 99.0 99.1 99.7 99.8 99.1 98.8 99.2 98.5

Standard deviation (mV) 0.5 0.4 0.6 0.5 0.8 0.9 0.4 0.3 0.7
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Figure 1. Time-trace versus FLX concentration for sensors based on (A) ionophore I (B) ionophore II;
(C) ionophore III; using o-NPOE, DOP and DBS as membrane solvent mediators. (Inset: calibration plot).

The pH effect on the potential response of the presented electrodes was examined
using 1.0 × 10−5 and 1.0 × 10−4 M FLX solutions over different pH values starting from
pH 2 to pH 10. Solution adjustment was carried out using either LiOH or HCl. As shown
in Figure 2, the pH-potential profiles showed that FLX membrane sensors revealed good
potential stability over the pH range 4.5–8.5 and 4–9 for sensors based on ionophore I,
ionophore II and ionophore III, respectively. At pH < 4, an increase in the potential was
observed due to interference from the high H+ concentration. At pH > 9, a noticeable
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potential decrease is observed due to the formation of the free basic drug. The response
time was evaluated as the time required attaining a stable potential after increasing the FLX
concentration and was typically <5 s especially for low FLX concentrations (Figure 1).

Figure 2. pH-potential profiles for FLX membrane sensors plasticized in o, NPOE (A) ionophore I;
(B) ionophore II and (C) ionophore III.

3.2. Selectivity Behavior

The selectivity behavior of the fabricated sensors was evaluated using the fixed inter-
ference method using fixed concentration (10−2 M) of the interfering ion [46] In Table 3, it
summarizes the selectivity coefficient values for sensors based on ionophores I and II in
different plasticizers. The selectivity coefficient values depend on the composition of the
membrane and varied widely from one type to another [47]. Under the optimum conditions
previously mentioned, these values were evaluated and calculated. The selectivity order
for ionophore I membrane-based sensor was: FLX > norfluoxetine > K+ > Na+ > Rb+ >
lactose > Zn2+ > glucose > Li+ > caffeine > paracetamol > arginine. The selectivity pattern of
ionophore II membrane-based sensor was: FLX > norfluoxetine > K+ > Rb+ > Na+ > lactose
> paracetamol > caffeine > arginine > Zn2+~glucose > Li+ > Ca2+ > Ba2+. For sensor III, the
selectivity order was: FLX > norfluoxetine > K+ > lactose > Rb+ > glucose > Na+ > Ca2+

> Ba2+ > Zn2+ > Li+ > paracetamol > caffeine > arginine. From the selectivity coefficient
values presented in Table 3, it was found that Ionophore III exhibited better selectivity
behavior than ionophores I and II, especially for the metabolite norfluoxtine. The response
mechanism of the presented ionophores towards FLX cation is based on the ion-complex
properties between FLX cations and the configuration structure and cavity size of the
crown ether ionophore in the polymer matrix. The electrostatic interaction between FLX
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cation and ether group in the crown ether ionophore plays the dominant role for the cation
transfer across the organic/water interface. The electrostatic affinity is overcome by the
hydration energy of the analyte cations. So, the obtained selectivity sequence is determined
by the hydrophilicity of the tested cations rather than the order of their hydration energies.

Table 3. Selectivity coefficients of both ionophore I and II membrane-based sensors plasticized
in o-NPOE.

Interfering Ion, J
Log KPot

FLX, J + SD *

Ionophore I Ionophore II Ionophore III

Li+ −5.1 ± 0.1 −4.5 ± 0.1 −4.8 ± 0.3
Na+ −3.7 ± 0.1 −3.6 ± 0.2 −4.0 ± 0.2
K+ −2.9 ± 0.3 −2.3 ± 0.2 −3.1 ± 0.1
Rb+ −4.0 ± 0.1 −2.5 ± 0.1 −3.5 ± 0.4
Ca2+ −5.1 ± 0.1 −4.6 ± 0.1 −4.5 ± 0.2
Zn2+ −4.7 ± 0.2 −4.4 ± 0.3 −4.7 ± 0.1
Ba2+ −5.3 ± 0.2 −4.9 ± 0.2 −4.6 ± 0.2

Arginine −5.8 ± 0.4 −4.3 ± 0.2 −5.6 ± 0.3
Caffeine −5.2 ± 0.1 −4.2 ± 0.1 −5.1 ± 0.1
Glucose −5.0 ± 0.1 −4.4 ± 0.2 −3.9 ± 0.3
Lactose −4.6 ± 0.2 −3.7 ± 0.1 −3.3 ± 0.2

Paracetamol −5.4 ± 0.3 −3.9 ± 0.2 −4.9 ± 0.2
Norfluoxetine −1.0 ± 0.6 −0.7 ± 0.02 −1.5 ± 0.1

* Average of 3 measurements.

The cavity radius of either 15-crown-5 and 18-crown-6 are 0.85–1.1 and 1.3–1.6 A◦,
respectively [48]. The inclusion of FLX with macrocyclic compounds requires a bigger
cavity size. This reflects the better selectivity of ionophore II than ionophore I. For β-CD
compounds, they revealed cavity sizes in the range of 6.0–6.5 A◦. It is well reported related
in the literature, the high affinity of the aromatic groups to accommodate in the cyclodextrin
cavity, favoring the van der Waals interactions [49]. In this sense, the enthalpy changes
could be attributed to the binding of enthalpy-rich water molecules, released from the
β-CD cavity, with bulk water molecules, as well as the formation of cooperative van der
Waals interactions between guest host, and, mainly, the electrostatic interaction between
FLX and unpaired electrons of OH groups, explaining the higher enthalpic contribution.

3.3. Repeatability, Reproducibility, and Stability

Repeatability, reproducibility, and stability of an FLX-based sensor were checked using
potentiometric measurements of standard FLX solution (10.0 µM, n = 6). The relative
standard deviation (RSD%) for measuring this concentration was found to be 2.1% and
2.2% for sensors based on ionophores I and II, respectively. This can be considered as ade-
quate repeatability. Reproducibility was measured after measuring the above-mentioned
concentration using different sensor assembly and different instruments at different times.
The sensors revealed good reproducibility with an RSD% (n = 6) of 2.3%.

The lifespan of the sensors was also tested and shown in Figure 3. During 10 days-
working, the sensors revealed an acceptable response from their initial response. This
indicates that the proposed platform was excellent and enabled good stability.

3.4. Water-Layer Test

The water-layer test was performed to evaluate the lipophilicity of the solid-contact
transducing material and the ability of the sensor to exclude water from the contact between
the electronic conducting substrate and the sensing-ion membrane [50].

Both the modified and non-modified platforms for ionophores I and II membrane-
based sensors were sequentially immersed in 0.1 M NaCl, 0.1 mM FLX, and 0.1 M NaCl
solutions. As shown in Figure 4, all modified platforms revealed a stable potential-response



Membranes 2022, 12, 446 8 of 14

during the test. There are no long-term drifts in the potential on switching from one
solution to the other.

Figure 3. Day-to-day performance characteristics of ionophore III based sensor.

Figure 4. Water layer tests for (A) non-modified, (B) and modified FLX sensors based on ionophores
I, II, and III.

This demonstrates the high lipophilicity of MWCNTs layer and confirms the non-
existence of the water layer at interface between the ion-sensing membrane and the elec-
tronic substrate. It was necessary to demonstrate that FLX sensors were free of a detrimental
water layer because water layer is crucial in obtaining low detection limits for potentiomet-
ric sensors. The composition of the ultrathin water layer is altered due to the ion-exchanging
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on the inner side of the membrane. This leads to drifts in the backside solid-contact sensor’s
potential [51].

3.5. Short-Term Potential Stability and Interfacial Capacitances

Short-term potential stability for the presented platforms and interfacial capacitances
in absence and presence of the solid-contact transducing material were evaluated by
applying the reverse-current chronopotentiometry method presented by Bobacka [42].

The applied current (I) was ±1 nA. The chronopotentiograms for both sensor I and
sensor II in presence of MWCNTs, together with sensor I and sensor II in absence of
MWCNTs, were shown in Figure 5. The potential drifts (∆E/∆t) were calculated for sensors
I, II, and III in the presence and absence of MWCNTs and tabulated in Table 4.

Figure 5. Current reversal chronopotentiometry for (a) non-modified and (b) modified FLX-ISEs
based on ionophores I, II, and III.

Table 4. Potential drifts and double-layer capacitances for the presented sensors in the presence and
absence of MWCNTs.

Ionophore I Ionophore II Ionophore III

Without
MWCNTs

With
MWCNTs

Without
MWCNTs

With
MWCNTs

Without
MWCNTs

With
MWCNTs

Potential drift (∆E/∆t), µV/s 815.3 ± 3.4 95.9 ± 1.1 88.9 ± 1.5 19.4 ± 1.1 120.5 ± 2.1 24.6 ± 1.4
CL, µF 1.2 ± 0.7 10.4 ± 0.2 11.2 ± 2.6 51.5 ± 2.6 8.29 ± 1.3 40.6 ± 2.1

The double layer capacitances arisen from the insertion of the solid-contact transducer
[CL = I/(∆E/∆t)] were evaluated for all presented sensors and tabulated in Table 4.

The results confirmed that insertion of MWCNTs between the electronic conductor
substrate and ion-sensing membrane revealed high potential stability of the sensors and
reflects the well-confined ion- to electron transduction process. Unmodified sensors that
have no MWCNTs exhibited low-double-layer capacitances that revealed low potential
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stability. Therefore, this electrode is seen to be polarizable without the ability to buffer any
random tiny charge noise.

3.6. Analytical Applications

The presented platforms were successfully applied to quantify the amount of FLX
in different pharmaceutical dosage forms. Construction of standard calibration curve
using pure FLX prepared in 10 mM Tris buffer solution of pH 7 was used for the drug
assay. Tables 5–7 showed that the data analysis for different FLX samples (five replicate
measurements) was acceptable, which confirms the applicability of the presented platforms
for FLX determination. The obtained potentiometric results were compared with the
standard liquid chromatographic method (HPLC) [52]. The t-student and F-tests were
calculated for the two methods. They showed no significant difference, which confirmed
the successful application of the presented potentiometric method. The method showed
high efficiency in FLX determination in different matrices.

Table 5. Determination of FLX in different pharmaceutical preparations using ionophore (I)
membrane-based sensor.

Pharmaceutical
Product and Source

Nominal
Content Taken,

mg/Tablet

Found, mg/Tablet
t-Student

Test b F-TestProposed
Method Mean a (%)± SD Reference

Method, [47] Mean a (%)± SD

Prozac
(Lilly, France) 20 20.04 100.2 ± 0.4 20.1 100.8 ± 0.6 1.62 2.24

Philozac
(Amoun, Egypt) 20 19.93 99.7 ± 0.6 19.8 99.07 ± 1.7 0.38 9.35

Flutin
(Eipico, Egypt) 20 20.21 101.0 ± 1.4 19.8 99.4 ± 0.9 3.69 2.66

Depreban
(Amirya, Egypt) 20 19.72 98.6 ± 0.8 19.4 97.2 ± 0.8 2.13 1.08

a Mean of three replicates. b t-Student and F-test test at 95% confidence level values are 4.30 and 19.00, respectively.

Table 6. Determination of FLX in different pharmaceutical preparations using ionophore (II)
membrane-based sensor.

Pharmaceutical
Product and Source

Nominal
Content Taken,

mg/Tablet

Found, mg/Tablet
t-Student

Test b F-TestProposed
Method Mean a (%) ± SD Reference

Method Mean a (%) ± SD

Prozac
(Lilly, France) 20 20.9 102.2 ± 1.4 20.1 100.8 ± 0.6 2.62 3.24

Philozac
(Amoun, Egypt) 20 18.9 99.2 ± 0.8 19.8 99.07 ± 1.7 1.38 6.87

Flutin
(Eipico, Egypt) 20 18.8 102.0 ± 1.8 19.8 99.4 ± 0.9 2.89 4.54

Depreban
(Amirya, Egypt) 20 20.7 102.6 ± 1.5 19.4 97.2 ± 0.8 1.45 2.07

a Mean of three replicates. b t-Student and F-test test at 95% confidence level values are 4.30 and 19.00, respectively.
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Table 7. Determination of FLX in different pharmaceutical preparations using ionophore (II)
membrane-based sensor.

Pharmaceutical
Product and Source

Nominal
Content Taken,

mg/Tablet

Found, mg/Tablet
t-Student

Test b F-TestProposed
Method Mean a (%) ± SD Reference

Method Mean a (%) ± SD

Prozac
(Lilly, France) 20 19.7 98.5 ± 0.4 20.1 100.8 ± 0.6 2.85 3.12

Philozac
(Amoun, Egypt) 20 20.9 104.5 ± 0.5 19.8 99.07 ± 1.7 3.138 5.24

Flutin
(Eipico, Egypt) 20 19.3 96.5 ± 0.8 19.8 99.4 ± 0.9 2.93 3.37

Depreban
(Amirya, Egypt) 20 19.5 97.5 ± 0.4 19.4 97.2 ± 0.8 2.34 2.16

a Mean of three replicates. b t-Student and F-test test at 95% confidence level values are 4.30 and 19.00, respectively.

To test the applicability of the presented platforms in medical applications, FLX was
spiked and determined in different human blood serum samples. The average recoveries
were found to be 98.9, 98.1, and 98.2% with a relative standard deviation of ±0.7%, ±1.1%
and 0.4% for sensors I, II, and III, respectively. All obtained results for FLX assessment in
these spiked human serum samples were shown in Table 8.

Table 8. Potentiometric assessment of FLX in different spiked serum samples.

Sample No.
Amount of
FLX Added,

µM

Ionophore I Ionophore II Ionophore III

Amount of
FLX Found,

µM a
Recovery, %

Amount of
FLX Found,

µM a
Recovery, %

Amount of
FLX Found,

µM a
Recovery, %

1 8.0 7.8 ± 0.8 97.5 7.7 ± 0.9 96.3 7.8 ± 0.8 97.5
2 10.0 9.7 ± 0.6 97.0 9.5 ± 0.4 95.0 9.8 ± 0.4 98.0
3 15.0 15.5 ± 0.2 103.3 15.1 ± 0.3 100.6 14.8 ± 0.3 98.6
4 20.0 19.6 ± 0.7 98.0 20.1 ± 0.6 100.5 19.8 ± 0.1 99.0

a Mean of three replicates.

4. Conclusions

In summary, novel FLX screen-printed sensors based on 4′-nitrobenzo-15-crown-5
(ionophore I), dibenzo-18-crown-6 (ionophore II) and 2-hydroxypropyl-β-cyclodextrin
(2-HP-β-CD) (ionophore III) for potentiometric sensing of Fluoxetine (FLX) were fabricated,
characterized, and presented. The platforms were modified by multi-walled carbon nan-
otubes (MWCNTs) as lipophilic nanomaterial and ion-to-electron transducer. The sensors
revealed a Nernstian potentiometric response with slopes of 56.2 ± 0.8, 56.3 ± 1.7 and
64.4 ± 0.2 mV/decade and detection limits of 5.2 × 10−6, 4.7 × 10−6 and 2.0 × 10−7 M in
10 mM Tris buffer solution, pH 7 for sensors based on ionophore I, II, and III, respectively.
The effect of solvent polarity on the potentiometric response and selectivity behavior of the
sensors was studied. Several prominent merits were possessed for the presented sensors,
such as high potential-stability, eco-friendly property, fast response, good recognition speci-
ficity, and enhanced repeatability and reproducibility. The obtained good performance
characteristics confirmed successful applicability for the accurate and quick determina-
tion of FLX in pharmaceutical formulations and human serum samples. This work can
be directed to further low-cost and disposable screen-printed based analytical devices
for potentiometric sensing produced at large scales with high speed and reproducible
screen-printing technology.
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11. Erarpat, S.; Cağlak, A.; Bodur, S.; Chormey, S.D.; Engin, O.G.; Bakırdere, S. Simultaneous Determination of Fluoxetine, Estrone,
Pesticides, and Endocrine Disruptors in Wastewater by Gas Chromatography–Mass Spectrometry (GC–MS) Following Switchable
Solvent–Liquid Phase Microextraction (SS–LPME). Anal. Lett. 2019, 52, 869–878. [CrossRef]

12. Urichuk, L.J.; Aspeslet, L.J.; Holt, A.; Silverstone, P.H.; Coutts, R.T.; Baker, G.B. Determination of p-trifluoromethylphenol, a
metabolite of fluoxetine, in tissues and body fluids using an electron-capture gas chromatographic procedure. J. Chromatogr. B
Biomed. Appl. 1997, 698, 103–109. [CrossRef]

13. Oliveira, A.F.F.; de Figueiredo, E.C.; dos Santos-Neto, Á.J. Analysis of fluoxetine and norfluoxetine in human plasma by
liquid-phase microextraction and injection port derivatization GC–MS. J. Pharm. Biomed. 2013, 73, 53–58. [CrossRef] [PubMed]

14. Bonde, S.; Bhadane, R.; Gaikwad, A.; Gavali, S.R.; Katale, D.U.; Narendiran, A.S. Simultaneous determination of Olanzapine and
Fluoxetine in human plasma by LC–MS/MS: Its pharmacokinetic application. J. Pharm. Biomed. 2014, 90, 64–71. [CrossRef]

15. Ahmad, I.; Ullah, Z.; Khan, M.I.; Alahmari, A.K.; Khan, M.F. Development and validation of an automated solid-phase extraction-
LC-MS/MS method for the bioanalysis of fluoxetine in human plasma. J. Adv. Pharm. Technol. 2021, 12, 267–273.

http://doi.org/10.1155/2020/2972968
http://www.ncbi.nlm.nih.gov/pubmed/32351669
http://doi.org/10.1176/appi.focus.20200008
http://www.ncbi.nlm.nih.gov/pubmed/33162849
http://doi.org/10.3390/brainsci9090235
http://doi.org/10.1080/17425255.2019.1584611
http://doi.org/10.4236/ajac.2020.116019
http://doi.org/10.1080/10826070902841844
http://doi.org/10.1134/S1061934819060030
http://doi.org/10.1080/10826076.2017.1284675
http://doi.org/10.1002/jssc.201700316
http://doi.org/10.1080/00032719.2018.1505897
http://doi.org/10.1016/S0378-4347(97)00304-6
http://doi.org/10.1016/j.jpba.2012.04.006
http://www.ncbi.nlm.nih.gov/pubmed/22555013
http://doi.org/10.1016/j.jpba.2013.10.033


Membranes 2022, 12, 446 13 of 14

16. Murtada, K.; de Andrés, F.; Ríos, A.; Zougagh, M. Determination of antidepressants in human urine extracted by magnetic multi-
walled carbon nanotube poly(styrene-co-divinylbenzene) composites and separation by capillary electrophoresis. Electrophoresis
2018, 39, 1808–1815. [CrossRef]

17. Catai, A.P.F.; Carrilho, E.; Lanças, F.M.; Queiroz, M.E.C. Fast separation of selective serotonin reuptake inhibitors antidepressants
in plasma sample by nonaqueous capillary electrophoresis. J. Chromatogr. A 2009, 1216, 5779–5782. [CrossRef]

18. Himmelsbach, M.; Buchberger, W.; Klampfl, C.W. Determination of antidepressants in surface and waste water samples by
capillary electrophoresis with electrospray ionization mass spectrometric detection after preconcentration using off-line solid-
phase extraction. Electrophoresis 2006, 27, 1220–1226. [CrossRef]

19. Martín, M.I.G.; Pérez, C.G. Batch and Flow Injection Fluorimetric Determination of Fluoxetine. Anal. Lett. 1997, 30, 2493–2502.
[CrossRef]

20. Darwish, I.A.; Amer, S.M.; Abdine, H.H.; Al-Rayes, L.I. New Spectrophotometric and Fluorimetric Methods for Determination of
Fluoxetine in Pharmaceutical Formulations. Int. J. Anal. Chem. 2009, 2009, 257306. [CrossRef]

21. Bigdelifam, D.; Mirzaei, M.; Hashemi, M.; Amoli-Diva, M.; Rahmani, O.; Zohrabi, P.; Taherimaslak, Z.; Turkjokar, M. Sensitive
spectrophotometric determination of fluoxetine from urine samples using charge transfer complex formation after solid phase
extraction by magnetic multiwalled carbon nanotubes. Anal. Methods 2014, 6, 8633–8639. [CrossRef]

22. Nezhadali, A.; Motlagh, M.O.; Sadeghzadeh, S. Spectrophotometric determination of fluoxetine by molecularly imprinted
polypyrrole and optimization by experimental design, artificial neural network and genetic algorithm. Spectrochim. Acta A Mol.
Biomol. Spectrosc. 2018, 190, 181–187. [CrossRef] [PubMed]

23. Parmar, V.K.; Patel, J.N.; Jani, G.K.; Prajapati, L.M.; Gagoria, J. First derivative spectrophotometric determination of fluoxetine
hydrochloride and olanzapine in tablets. Int. J. Pharm. Sci. Res. 2011, 2, 2996–3001.

24. Lencastre, R.P.; Delerue-Matos, C.; Garrido, J.; Borges, F.; Garrido, E.M. Voltammetric quantification of fluoxetine: Application to
quality control and quality assurance processes. J. Food Drug Anal. 2006, 14, 242–246. [CrossRef]

25. Da Silva, A.M.S.R.; Lima, J.C.; Teles, M.T.O.; Brett, A.M.O. Electrochemical studies and square wave adsorptive stripping
voltammetry of the antidepressant fluoxetine. Talanta 1999, 49, 611–617. [CrossRef]

26. Nouws, H.P.; Delerue-Matos, C.; Barros, A.A.; Rodrigues, J.A.; Santos-Silva, A.; Borges, F. Square-Wave Adsorptive-Stripping
Voltammetric Detection in the Quality Control of Fluoxetine. Anal. Lett. 2007, 40, 1131–1146. [CrossRef]

27. Alizadeh, T.; Azizi, S. Graphene/graphite paste electrode incorporated with molecularly imprinted polymer nanoparticles as a
novel sensor for differential pulse voltammetry determination of fluoxetine. Biosens. Bioelectron. 2016, 81, 198–206. [CrossRef]

28. Mostafa, G.A.E.; Hefnawy, M.M.; El-Majed, A. PVC Membrane Sensor for Potentiometric Determination of Fluoxetine in Some
Pharmaceutical Formulations. Instrum. Sci. Technol. 2008, 36, 279–290. [CrossRef]

29. Hussien, E.; Abdel-Gawad, F.; Issa, Y. Ion-selective electrodes for determination of fluoxetine in capsules and in biological fluids.
Biochem. Eng. J. 2011, 53, 210–215. [CrossRef]

30. Arvand, M.; Rad, N.A. Determination of fluoxetine in pharmaceutical preparations and biological samples using potentiometric
sensors based on polymeric membranes. J. Anal. Chem. 2013, 68, 183–188. [CrossRef]

31. Hassan, S.S.M.; Kamel, A.H.; Amr, A.E.-G.E.; Hashem, H.M.; Abdel Bary, E.M. Imprinted Polymeric Beads-Based Screen-Printed
Potentiometric Plat forms Modified with Multi-Walled Carbon Nanotubes (MWCNTs) for Selective Recognition of Fluoxetine.
Nanomaterials 2020, 10, 572. [CrossRef] [PubMed]

32. Kamel, A.H.; Sayour, H.E.M. Flow-through assay of quinine using solid contact potentiometric sensors based on molecularly
imprinted polymers. Electroanalysis 2009, 21, 2701–2708. [CrossRef]

33. Guerreiro, J.R.L.; Kamel, A.H.; Sales, M.G.F. FIA potentiometric system based on periodate polymeric membrane sensors for the
assessment of ascorbic acid in commercial drinks. Food Chem. 2010, 120, 934–939. [CrossRef]

34. Kamel, A.H.; Galal, H.R. MIP-based biomimetic sensors for static and hydrodynamic potentiometric transduction of sitagliptin in
biological fluids. Int. J. Electrochem. Sci. 2014, 9, 4361–4373.

35. Kamel, A.H.; Galal, H.R.; Hanna, A.A. Novel Planar Chip Biosensors for Potentiometric Immunoassay of Acid Phosphatase
Activity Based on the Use of Ion Association Complexes as Novel Electroactive Materials. Int. J. Electrochem. Sci. 2014, 9,
5776–5787.

36. Abdalla, N.S.; Amr, A.E.-G.E.; El-Tantawy, A.S.M.; Al-Omar, M.O.; Kamel, A.H.; Khalifa, N.M. Tailor-made specific recognition
of cyromazine pesticide integrated in a potentiometric strip cell for environmental and food analysis. Polymers 2019, 11, 1526.
[CrossRef]

37. Ezzat, S.; Ahmed, M.A.; Amr, A.E.-G.E.; Al-Omar, M.O.; Kamel, A.H.; Khalifa, N.M. Single-Piece All-Solid-State Potential
Ion-Selective Electrodes Integrated with Molecularly Imprinted Polymers (MIPs) for Neutral 2, 4-Dichlorophenol Assessment.
Materials 2019, 12, 2924. [CrossRef]

38. Hassan, S.S.M.; Mahmoud, W.H.; Mohamed, A.H.K.; Kelany, A.E. Mercury(II) ion-selective polymeric membrane sensors for
analysis of mercury in hazardous wastes. Anal. Sci. 2006, 22, 877–881. [CrossRef]

39. Galal Eldin, A.; Amr, A.E.-G.E.; Kamel, A.H.; Hassan, S.S.M. Screen-printed Microsensors Using Polyoctyl-thiophene (POT)
Conducting Polymer as Solid Transducer for Ultratrace Determination of Azides. Molecules 2019, 24, 1392. [CrossRef]

40. Buck, R.P.; Lindner, E. IUPAC recommendations for nomenclature of ion-selective electrodes. Pure Appl. Chem. 1994, 66, 2527–2536.
[CrossRef]

http://doi.org/10.1002/elps.201700496
http://doi.org/10.1016/j.chroma.2009.05.050
http://doi.org/10.1002/elps.200500693
http://doi.org/10.1080/00032719708001760
http://doi.org/10.1155/2009/257306
http://doi.org/10.1039/C4AY01266F
http://doi.org/10.1016/j.saa.2017.09.021
http://www.ncbi.nlm.nih.gov/pubmed/28922645
http://doi.org/10.38212/2224-6614.2477
http://doi.org/10.1016/S0039-9140(99)00050-8
http://doi.org/10.1080/00032710701297059
http://doi.org/10.1016/j.bios.2016.02.052
http://doi.org/10.1080/10739140801944076
http://doi.org/10.1016/j.bej.2010.10.015
http://doi.org/10.1134/S1061934813020020
http://doi.org/10.3390/nano10030572
http://www.ncbi.nlm.nih.gov/pubmed/32245287
http://doi.org/10.1002/elan.200904699
http://doi.org/10.1016/j.foodchem.2009.11.015
http://doi.org/10.3390/polym11091526
http://doi.org/10.3390/ma12182924
http://doi.org/10.2116/analsci.22.877
http://doi.org/10.3390/molecules24071392
http://doi.org/10.1351/pac199466122527


Membranes 2022, 12, 446 14 of 14

41. Lindner, E.; Umezawa, Y. Performance evaluation criteria for preparation and measurement of macro-and micro fabricated
ion-selective sensors. Pure Appl. Chem. 2008, 80, 85–104. [CrossRef]

42. Bobacka, J. Potential stability of all-solid-state ion-selective electrodes using conducting polymers as ion-to-electron transducers.
Anal. Chem. 1999, 71, 4932–4937. [CrossRef] [PubMed]

43. Muñoz-Botella, S.; Del Castillo, B.; Martin, M. Cyclodetrin properties and applications of inclusion complex formation. Ars Pharm
1995, 36, 187–198.

44. Del Valle, E.M. Cyclodextrins and their uses: A review. Process Biochem. 2004, 39, 1033–1046. [CrossRef]
45. Abu-Shawish, H.M. A mercury (II) selective sensor based on N, N′-bis (salicylaldehyde)-phenylenediamine as neutral carrier for

potentiometric analysis in water samples. J. Hazard. Mat. 2009, 167, 602–608. [CrossRef]
46. Umezawa, Y.; Buhlmann, P.; Umezawa, K.; Tohda, K.; Amemiya, S. Potentiometric Selectivity Coefficients of Ion-Selective

Electrodes. Part I. Inorganic Cations (Technical Report). Pure Appl. Chem. 2000, 72, 1851–2082. [CrossRef]
47. Takeda, Y.; Kato, H. The solvent extraction of bivalent metal picrates by 15-crown-5, 18-crown-6, and dibenzo-18-crown-6. Chem.

Soc. Jap. 1979, 52, 1027–1030. [CrossRef]
48. Li, J.; Zhang, S.; Zhou, Y.; Guan, S.; Zhang, L. Inclusion complexes of fluconazole with β-cyclodextrin and 2-hydroxypropyl-β-

cyclodextrin in aqueous solution: Preparation, characterization and a structural insight. J. Incl. Phenom. Macrocycl. Chem. 2016, 84,
209–217. [CrossRef]

49. Abu-Shawish, H.M.; Elhabiby, M.; Abu Aziz, H.S.; Saadeh, S.M.; Tbaza, A. Determination of Trihexyphenidyl hydrochloride drug
in tablets and urine using a potentiometric carbon paste electrode. Sens. Actuators B 2016, 235, 18–26. [CrossRef]

50. Veder, J.P.; De Marco, R.; Clarke, G.; Chester, R.; Nelson, A.; Prince, K.; Pretsch, E.; Bakker, E. Elimination of undesirable water
layers in solid-contact polymeric ion-selective electrodes. Anal. Chem. 2008, 80, 6731–6740. [CrossRef]

51. Fibbioli, M.; Morf, W.E.; Badertscher, M.; de Rooij, N.F.; Pretsch, E. Potential drifts of solid-contacted ion-selective electrodes due
to zero-current ion fluxes through the sensor membrane. Electroanalysis 2000, 12, 1286–1292. [CrossRef]

52. British Pharmacopoeia, (Ph. Eur. Monograph 0522), Medicines and Healthcare Products Regulatory Agency (MHRA). 2013.
Available online: https://www.pharmacopoeia.com (accessed on 2 April 2021).

http://doi.org/10.1351/pac200880010085
http://doi.org/10.1021/ac990497z
http://www.ncbi.nlm.nih.gov/pubmed/21662838
http://doi.org/10.1016/S0032-9592(03)00258-9
http://doi.org/10.1016/j.jhazmat.2009.01.018
http://doi.org/10.1351/pac200072101851
http://doi.org/10.1246/bcsj.52.1027
http://doi.org/10.1007/s10847-016-0598-z
http://doi.org/10.1016/j.snb.2016.05.058
http://doi.org/10.1021/ac800823f
http://doi.org/10.1002/1521-4109(200011)12:16&lt;1286::AID-ELAN1286&gt;3.0.CO;2-Q
https://www.pharmacopoeia.com

	Introduction 
	Materials and Methods 
	Chemicals and Reagents 
	Apparatus 
	Electrode Fabrication and Potential Measurements 
	Chronopotentiometric Measurements 
	Application to Real Samples 

	Results 
	Sensors’ Characterizations 
	Selectivity Behavior 
	Repeatability, Reproducibility, and Stability 
	Water-Layer Test 
	Short-Term Potential Stability and Interfacial Capacitances 
	Analytical Applications 

	Conclusions 
	References

