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Abstract

A selective and facile voltammetric method based on titanium dioxide nanoparticles and
Nafion (Nafion/TiO2 NPs) on the screen-printed electrode (SPE) was proposed for
olopatadine determination. Followed by the synthesis of TiO» nanoparticles, various
methods, including high-resolution transmission electron microscopy (HR-TEM),
ultraviolet-visible spectroscopy (UV-Vis), energy-dispersive X-ray (EDX) Raman spectrum,
and electrochemical impedance spectroscopy (EIS) were utilized to characterize the
nanomaterials. Nafion/TiO; on the screen-printed electrode (NFN/TiO,/SPE) was used to
determine olopatadine in concentration ranges of 0.01 to 0.07 and 0.07 to 14.6 uM with
a limit of quantification as low as 7.0 nM, via differential pulse voltammetry technique.
The NFN/TiO>/SPE offered a high-performance ability to determine olopatadine in the eye
drop sample with satisfactory recovery data of 98.2—-99.0 %. Also, the developed electrode
showed good reproducibility, repeatability, and high selectivity features. The obtained
results indicate that NFN/TiO2/SPE could be utilized as an appropriate candidate for
electrochemical olopatadine sensing.

Keywords
Monitoring; screen-printed electrode, differential pulse voltammetry.

Introduction

Olopatadine (OLP) is a tricyclic drug that impedes mast cell mediator liberating and possesses
histamine H1l-receptor antagonist activity. Olopatadine hydrochloride is utilized to treat allergic
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conjunctivitis. In vivo and in vitro, a relatively specific histamine H1 antagonist reduces type 1 imme-
diate hypersensitivity, including histamine-induced effects on human conjunctival epithelial cells [1].
The physiologic effect of olopatadine is utilizing decreased histamine release. The IUPAC name of
olopatadine is 2-[(11Z)-11-[3-(dimethylamino) propylidene]-6H-benzo[c][1]benzoxepin-2-yl]acetic
acid and it is shown in Scheme. 1.
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Scheme. 1. The chemical structure of olopatadine

Currently, different analytical methods have been proposed to determine olopatadine, including
UV-Vis spectrophotometry [2-4] and high-performance liquid chromatography (HPLC) [5, 6].
However, it is worth noting that the current electrode systems, such as screen-printed electrodes
(SPE), present significant advantages such as simple operation and portability, compared to the
widespread electrode systems such as glassy carbon electrodes [7]. Therefore, it is desirable to
fabricate a portable electrochemical sensor to determine antihistamine agents in real samples. In
this regard, fabricating an electrode with a novel nanomaterial is essential for electrochemical
applications engineering a multi-functional sensing material[8-16].

Nanomaterials showed many advantages in different branches of science [17-24]. In recent years,
nanostructured materials, including metal oxides nanoparticles, have been used to fabricate the
modified electrodes for biological, pharmaceutical, energy and environmental purposes [25-33].
Among the various nanomaterials, titanium dioxide (TiO2) has outstanding properties such as
appropriate sensitivity and stability for its strong affinity to a phosphate group, photocatalytic effect,
porosity, steadiness, and high specific surface areas [34,35]. TiO2 nanoparticles have also been applied
in wide potential windows, improving the electrode's stability, increasing the electrode response's
repeatability [36,37]. Combining metallic characteristics' electronic conductivity and electroactivity
with Nafion's (NFN) high ionic conductivity and ion-exchange capacity opens up many possibilities for
nanoparticle design in NFN modified electrodes with unique features and uses [38]. This study
employed the SPE electrodes and the promising development of a susceptible electrochemical sensor
based on titanium dioxide nanoparticles and Nafion. It would be expected that the combination of
TiO, with Nafion could provide excellent electrochemical sensing performance for olopatadine.
Titanium dioxide nanoparticles were used to prepare additional improvements because their stated
physicochemical features include strong biocompatibility, solid adsorptive ability, large surface area,
thermal stability, non-toxicity, and electrical/electrochemical capabilities.

The synergic effect of Nafion and TiO, remarkably enhanced the electrocatalytic activity towards
the OLP and consequently allowed us to reach its detection limit up to 7.0 nM. Moreover,
NFN/TiO2/SPE exhibited a promising analytical performance in the wide linear concentration ranges
of 0.01 to 0.07 and 0.07 to 14.66 uM towards the OLP under optimized experimental conditions.
The developed electrochemical sensing platform was successfully utilized to determine the amount
of OLP in real samples with satisfactory recovery.

92 (co) X



M. Mehmandoust et al. J. Electrochem. Sci. Eng. 12(1) (2022) 91-103

Experimental

Chemical and reagents

All materials were of analytical purity and have not been subjected to a further purification process.
C3HeO (acetone), C.HsOH (ethanol), NaOH (sodium hydroxide) were supplied from Merck (Darmstadt,
Germany). L-ascorbic acid (99.0 %), L-cysteine (97.0 %), L-arginine (98.0 %), dopamine hydrochloride
(99.0 %), glucose (99.5 %), uric acid (99.0 %), potassium hexaferrocyanide(ll) (KsFe(CN)s) (99.5 %),
potassium hexacyanoferrate(lll) (KsFe(CN)s) (99.5 %) were obtained from Sigma-Aldrich (Germany).
Olopatadine and eye drop (Patanol®) were acquired from NOVARTIS Turkey Inc. Deionized (DI) water
was utilized in the experiments. The stock solution of 1.0 mM OLP was prepared via DI water.

Apparatus

Energy-dispersive X-ray analysis of the sample was conducted using a Quanta FEG 450 field emission
scanning electron microscope. The sample's morphology was characterized by transmission electron
microscopy (FEI TALOS F200S) operated at 200 kV. Raman spectrum of TiO, NPs was observed from
Renishaw inVia with a 785 nm solid-state diode laser at 1.0 mW power and 10 s acquisition times. The
diffused reflectance (DRS) analysis was conducted by a Shimadzu UV-2401 UV—Vis spectrophotometer.

Synthesis of TiO nanoparticles

TiO2 nanoparticles were synthesized by the microwave-assisted hydrothermal method (MWHT).
As comparing the conventional hydrothermal method (HT), the MWHT also has several benefits as
follows; i) shorter reaction time and ii) complete reaction at lower temperatures. Thus, the microwave
reaction formation helps shorten the reaction time and form reactions at lower temperatures. The
microwave process may also facilitate TiO; crystals to be developed, and microwave radiation can
accelerate the TiO, nucleation. Moreover, low temperatures and power for microwave-assisted
hydrothermal preparation may observe many morphological structures mentioned above. The Teflon-
covered autoclave microwave-assisted hydrothermal vessel received 5.0 mL titanium isopropoxide,
5.0 mL 1.0 M NaOH, and 60.0 mL ultrapure water. A CEM Mars 5 microwave digestion machine was
employed to prepare the reaction solution, forcefully agitated at room temperature for 30 minutes.
Microwave-assisted hydrothermal synthesis was performed at 100 °C for 30 minutes with a micro-
wave output of 380 W. White TiO2 NPs were washed with ultrapure water and ethanol after centri-
fugation at 5000 rpm for 15 minutes. Subsequently, the powder was dried overnight at 70 °C [39].

Fabrication of NFN/TiO,/SPE

Firstly, The as-synthesized TiO2 nanoparticles (0.5 mg) and 1.0 % Nafion were homogeneously
dispersed in 1.0 ml Milli-Q water by ultrasonication until a uniform TiO, dispersion was gained.
Following this, a 10.0 puL of NFN/TiO dispersion was coated onto the previously cleaned SPE surface
by drop-casting method and dried at room temperature. NFN/TiO2/SPE was mildly rinsed with
Milli-Q water to remove the non-attached composite materials on the surface of SPE. Moreover, to
compare the electrochemical performance of the prepared composite materials, the SPE surfaces
were also modified with TiO; as precursor material.

Results and discussion
Characterization of TiO2

FE-SEM, HR-TEM, and Raman spectroscopy techniques were implemented to characterize TiO;
nanoparticles synthesized via the microwave hydrothermal method, and the obtained results were
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exhibited in Fig. 1. In Fig. 1, the diffused reflectance spectrum of TiO2 NPs was depicted. TiO2 NPs'
DRS spectra reflected a 380-800 nm light spectrum. At a wavelength of 383 nm, TiO2 NPs exhibited
a DRS signal. A transfer of electrons from the O 2p orbital to the Ti 3d orbital was presented by this
high peak [40]. A Kubelka-Munk function was used to determine the bandgap values of this sample,
and the Kubelka-Munk graph of produced TiO2 NPs was illustrated in Fig 1. inset. TiO, NPs were of
an estimated bandgap of 3.14 eV. Anatase TiO; has a theoretical bandgap of 3.2 eV [41].
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Figure 1. DRS and hv / eV of synthesized TiO, NPs

The TEM images of TiO2 NPs were depicted in Fig. 2a and 2b. Aggregates with a nanoparticle

diameter of 15 nm were detected in the TiO; sample. The d-spacing of the (101) and (110) planes of
anatase structure corresponded to the lattice spacing of 0.318 and 0.325 nm, respectively.
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Fig. 2. TEM images (a, b), Raman spectra (c), and EDX spectra (d) of TiO2
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The Raman spectra of TiO, NPs are illustrated in Fig. 2c. The spectrum presented the five
distinctive peaks of anatase TiO,. The following peaks appeared: Eg = 145, 197, 394, 518, and
639 cm™ [42]. The crystalline size of the material was likewise impacted by the Raman peak
broadenings. The crystalline size of the material might be estimated using the Raman low frequency
E; mode peaks (143, 155 cm?). The TiO2 NPs had a full-width hall maximum of 16 cm™. According to
the Raman spectra, these predicted crystalline size estimates were likewise in excellent agreement
with those computed according to Debye-Scherrer. The existence of elements was verified by
energy-dispersive X-ray spectroscopy (Fig. 2d).

Electrochemical behavior of Olopatadine at NFN/TiO:/SPE

The electrochemical performance of the modified sensing platforms was assessed by cyclic
voltammetry (CV) in the presence of 0.1 M Britton-Robinson (B-R) buffer at pH 4.0 containing
100.0 uM OLP at a potential scan rate of 50.0 mV s, As can be seen in Fig. 3, a well-defined oxidation
signal of OLP at ~1.0V was achieved at bare SPE (blue line) and modified SPE surfaces with TiO;
(yellow line) and NFN/TiO; (red line). The corresponding voltammetric curves represented by CV
demonstrated that the modification of SPE surfaces by NFN/TiO> remarkably enhanced the
sensitivity towards the OLP with an excellent electrocatalytic activity compared to that of bare SPE
due to their larger surface areas. The corresponding oxidation current for OLP at NFN/TiO2/SPE was
2.7 A, which was 2.2 times greater than that of unmodified SPE. This significant enhancement in
the voltammetric response of OLP with a negative oxidation potential shift that occurred at
NFN/TiO2/SPE could be assigned to the synergistic effect of NFN and metal oxides.

70 4——SPE
—TiO0,/SPE
60 4——NFN/TiO,/SPE

10 12 14

00 02 04 06

0.8
E/V
Fig. 3. CVs of NFN/TiO,/SPE (blue line), TiO5/SPE (red line), and bare SPE (black line) electrode

in pH 4.0 BR buffer ata scan rate of 50.0 mV s

The ability of electron transfer rate of the NFN/TiO2/SPE electrochemical sensors was evaluated by
EIS using [Fe(CN)s]** solution as a redox probe. They were obtained at different electrodes of the
bare electrode, TiO2/SPE, and NFN/TiO2/SPE in the presence of 5.0 mM [Fe(CN)s]*4~ in 0.1 M KCI. By
comparing different electrodes, the charge transfer resistance (Rct) values were calculated to be 7.4,
5.8 and 2.2 kQ for bare electrode, TiO2/SPE, and NFN/TiO2/SPE, respectively (Fig. 4). The results
confirmed that the synergistic effect of TiO2 and NFN in the modified electrode improved due to their
properties, such as the increase in the conductivity of the electrode and the electron transfer.
According to Fig. 4, the electrochemical reaction occurred more efficiently on NFN/TiO,/SPE thanks to
the least charge transfer resistance and the special electron transfer rate [32].

http://dx.doi.org/10.5599/jese.1117 95



http://dx.doi.org/10.5599/jese.1117

J. Electrochem. Sci. Eng. 12(1) (2022) 91-103

7z kQ

N W (3, B -] ~ © ©
L L L L L L

NAFION/TiO, SENSOR FOR DETERMINATION OF OLOPATADINE

—&— SPE
71 ¢ TiO,/SPE
o —4&— NFN/TiO,/SPE

i Fig. 4. EIS responses at the bare electrode,
8 TiO./SPE, and NFN/TiO/SPE in [Fe(CN)s]*”* as
redox probe containing 0.1 M KCI

4 6
Z'kQ

Optimization of experimental conditions

Investigation of pH and scan rate

The impact of pH upon the voltammetric response of OLP was investigated at NFN/TiO,/SPE using
a B-R buffer system in the varying pH range from 2.0 to 7.0. As depicted in Fig. 5a, the oxidation
peak current of OLP increased gradually from 2.0 to 4.0 and then attained its maximum current
value with a good peak shape at pH 4.0.
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Fig. 5. (a) Impact of varying pH values on the peak current of OLP; (b) CVs of 100.0 uM OLP on
NEN/TiO,/SPE in pH 4.0 B-R buffer at varying scan rates (10.0, 25.0, 50.0,100.0, 150.0, 200.0,
300.0, 400.0 and 500.0 mVs™); (c) The plot of the loglpa vs. log v obtained at the surface of
NFEN/TiO,/SPE; (d) The plot of Epa vs. natural logarithm of scan rate for OLP
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Above pH >4.0, the corresponding peak current of OLP started to decrease continually until pH
7.0. Therefore, the best pH condition for OLP was selected as pH 4.0 for further analytical measure-
ments. The linear curve equation that plotted the potentials against pHs was E, =—0.0381pH+ 1.1405
(R? = 0.993). The slope attained for the principal oxidation peak in the first scan was 38.1 mV/pH,
close to the theoretical value of 59 mV/pH. These results demonstrated that the transferred
electron and proton numbers were equal[43].

The scan rate step is an essential parameter for determining the electrode reaction of the analyte at
the working electrode. Fig. 5b exhibited the scan rate effect on the voltammetric response of OLP at
NFN/TiO2/SPE in 0.1 M B-R buffer (pH 4.0) at different scan rates ranging from 10.0 to 500.0 mV s1.The
plot of the logarithm of the oxidation peak current (log /pa ) against the logarithm of the scan rate (log v)
was found to be linear with the following regression equation: log /pa = 0.6171 log v—0.7381 (R?=0.9913),
indicating a diffusion-controlled electrode reaction with a contribution of the adsorption (Fig. 5c).

Likewise, it exhibited that the oxidation peak potential (Epa) of OLP shifted towards the positive
direction with the scan rate's enhancement, which recommended the expected result for an irrever-
sible electrode reaction. The number of electrons transferred in the oxidation step of OLP can be
calculated by Laviron's equation from the slope of Eya vs. In v plot. The relationship between Epa vs.
In v was expressed as: Epa=0.0398 In v + 0.8727 with a correlation coefficient of 0.9921. The number
of electrons in the electro-oxidation of OLP was estimated to be ~1.25, demonstrating that the
oxidetion reaction of OLP at NFN/TiO2/SPE is of a single electron and proton transfer process. As a
result, using pH scan and scan rate studies, a possible oxidation mechanism for OLP was illustrated
in Scheme.2.

The amount of OLP absorbed on the surface of the NFN/TiO,/SPE electrode was observed by the
following equation:

_nhFQv n’F’rv
P 4RT  ART

(1)

Where n presents the number of electrons transferred, Fis the Faraday's constant (96485 C mol?),
A represents the area of the electrode, ris the surface coverage of adsorbed substance, Q exhibits the
guantity of charge consumed, and v is scan rate. Using the relationship of Ip with v and integrating
the peak area for OLP oxidation, the values of Twere calculated to be 20 pmol cm™2.

NFN/TiO,/SPE

Scheme.2 Possible electro-oxidation mechanism of OLP at NFN/TiO,/SPE surface

Effect of accumulation potential and time

Accumulation time and potential are essential aspects that significantly impact sensitivity in
analyses. For an adsorption-controlled electrode reaction, optimizing pre-concentration steps of the
target analyte on the electrode surface is an essential factor in enhancing the sensitivity of the
proposed electroanalytical method. For this purpose, the effect of accumulation potential (Eacc) and
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time (tacc) On the oxidation responses of OLP was investigated by DPV at NFN/TiO2/SPE. For Eacc
optimization, the oxidation peak current of OLP was measured by applying various Escc in the range of
0.2 to 0.9 V under a constant tac of 30 s (Fig. 6a). The maximum peak current for OLP was achieved at
the Eacc of 0.50 V. In addition, the oxidation peak current of OLP at NFN/TiO./SPE enhanced piecemeal
with increasing of tacc from 15 to 60 s under fixed Eacc of 0.50 V and reached its maximum value at tacc
of 60 s (Fig. 6b). For longer tacc values, the peak currents for OLP have almost remained stable due to
the saturation of NFN/TiO»/SPE with target molecules. Hence, Eacc value of 0.50 V and tacc value of 60.0
s were determined as the optimal accumulation step parameters for further analytical measurements.
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Fig. 6. (a) Effect of ta.cc upon the peak current with 0.5 V of Euc., (b) Effect of Eqcc upon the peak
current with 60 s of tsc for OLP in B-R (pH 4.0) on NFN/TiO,/SPE

Analytical performance

Differential pulse voltammetry (DPV) for OLP was implemented to enhance the sensitivity of the
proposed electrochemical sensing platform. DPV investigated the analytical performance of
developed NFN/TiO2/SPE towards the different concentrations of OLP under optimized
experimental conditions (such as pH of the supporting electrolyte, scan rate, accumulation
potential, and time). Fig. 7 illustrated the DP voltammograms and the corresponding calibration
curve by plotting the oxidation peak current against the increasing OLP concentration (COLP). Two
linear calibration ranges from 0.01 to 0.07 and 0.07 to 14.66 uM for OLP were obtained at the
surface of NFN/TiO,/SPE with the following regression equations: /pa = 3.101 Corp + 0.255 (R?=0.9924)
and /pa = 0.211Co1p + 0.5597 (R? = 0.9982). The sensitivity (slope) of the second linear segment for
OLP decreased due to the kinetic limitations. The limit of detection (LOD) value for OLP was
calculated as 7.0 nM (3.3Sb/m = 3) [24]. Here, Sb represents the standard deviation of the peak
current (n =10) of 0.01 uM olopatadine, and m is the slope of calibration plots. This improved
sensing performance of NFN/TiO2/SPE for OLP could be attributed to the synergic effect of NFN and
metal oxide nanoparticles, which provided an enhanced conductivity, fast electron transfer, and
large surface area. The analytical performance of the proposed sensing platform was compared with
the similar developed electrochemical sensing platforms for the determination of OLP. The obtained
analytical parameters were compared to similar reported analytical methods, which have been
utilized to sense OLP (Table 1). The analytical performance of NFN/TiO2/SPE, which was of wide
linearity and low LOD value, exhibited to be much more appropriate than other comparative
analytical methods towards the detection of OLP. The results suggested that NFN/TiO2/SPE was of
comparable analytical performance (linearity and LOD) towards the OLP (Table 2).
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Table. 1. A collation between diverse methods to detect OLP by the developed methods

Method Materials Linear range, UM LOD, uMm Ref.
Potentiometric OLP-PM-CPE 3x107° - x10? 1.39x10° [44]
Potentiometric Poly/ONOE 10°-107 5.0x10°® [45]

cv HMDE 108 - 4.0x107 5.7x107° [46]
DPV NFN/TiO,/SPE 108 - 14.66x10°® 7.01x108 This work
a b
4.0
35+
3.5+ " 4
3.0 4 s
3.0
y=0211x+0.5594 ¥
25+ 25 R =0.9982 <
< < y
=_2.0 :_2 0
~ ~ s 7
1.5+ 1.5+ y 08 | ¢
B / - { ! |
1.0 4 1.0 [ i 4 2% ,* '
5] um— y=3101x+02555 f
’ ' R*=0.9924 40 05 00 05 10 15
0.0+ 0.0 ¥ v v v v —
2 0 2 4 6 8 10 12 14
0.8

1.0 12

E/IV Corp/mM
Fig. 7. (a) DPVs of NFN/TiO,/SPE in 0.1 M BR buffer at pH 4.0 containing different
concentrations of OLP, (b) plots of 1, vs. OLP concentrations

Table. 2. The analytical parameters were obtained by electrochemical determination of OLP at
NFN/TiO/SPE in 0.1 M B-R(pH 4.0)

Parameters NFN/TiO,/SPE
Measured potential, mV 500
Measured time, s 60
Linear working range, uM 0.01-14.63
Slope, uA/uM 0.2188
R? 0.9914
Intercept 0.4829
LOD, nM 10
LOQ, nM 334

Interference test study

The detection capability of the proposed sensing platform towards the OLP in the presence of
various potential interfering agents, which have commonly been found in biological samples, was as-
sessed by DPV under optimized experimental conditions. The results exhibited that a 100-fold excess
of biological compounds (ascorbic acid, dopamine, glucose, and uric acid) and amino acids (I-cysteine
and l-arginine) did not show no or negligible interference effect in the determination of OLP (Table 3).

Table 3. Influence of various interfering agents on OLP (1.0 uM) at NFN/TiO3/SPE (n = 4), Cinterfagents : Corp =100 : 1

Interfering agents RSD, %
Ascorbic acid 1.16
Dopamine 0.32
Glucose 0.52
Uric acid 091
I-cysteine 1.3
I-arginine 2.41
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The corresponding relative errors for OLP were lower than +2 %, which was correlated with the
tolerance limit defined in the selectivity measurements, indicating that NFN/TiO,/SPE has a
promising selectivity for the determination of OLP.

Repeatability, reproducibility

To prove the repeatability of the developed electrochemical sensor, the five replicate DPV
measurements for OLP were conducted using the same NFN/TiO2/SPE in pH 4.0 B-R buffer
containing 1.0 uM OLP under optimized accumulation conditions. Similarly, the NFN/TiO2/SPE
reproducibility was evaluated by monitoring the 1.0 OLP solution in pH 4.0 B-R using five
independently prepared electrochemical sensors. The corresponding relative standard deviation
(RSD) values for repeatability and reproducibility tests were found as 0.73 and 2.50 %, respectively,
confirming that NFN/TiO2/SPE has satisfactory repeatability and reproducibility towards the
detection of OLP.

Real sample analysis

In real sample analysis, the eye drop sample with a spiked value of olopatadine was employed
for the NFN/TiO,/SPE capability. The obtained data by the standard addition method were tabulated
in Table 4. Good recovery data 98.2 and 99.0 % confirmed the powerful ability of NFN/TiO,/SPE in
determining olopatadine in the real samples.

Table 4. The results data relative to analysis of olopatadine in the real sample.

C/um o ;
Sample Added Found RSD, % Recovery, %
Eve dro 2.0 1.98 3.49 99.0
ye drop 4.0 3.93 421 98.2
Conclusions

In this paper, a new method for fabricating a selective and straightforward electrochemical
sensor based on NFN/TiO, was proposed for future electrochemical sensing applications to
determine the trace level of OLP in the eye drop sample. The modification of NFN/TiO2 on SPE
dramatically enhanced the electrocatalytic activity towards OLP oxidation due to its large surface
area, improved electron transfer kinetics, and high adsorption ability. NFN/TiO,/SPE illustrated a
highly desirable analytical performance at the concentration ranges of 0.01 to 0.07 and 0.07 to
14.63 uM with a meager detection limit of 7.0 nM. The developed portable sensing platform also
presents several advantages, such as high reproducibility, repeatability, and appropriate selectivity
with an RSD of less than 5 %. The feasibility of the proposed sensing platform was successfully tested
in an eye drop sample with adequate accuracy, precision results, and recovery of 98.2-99.0 %. It can
be speculated that the proposed novel NFN/TiO2/SPE-based electrochemical sensing platform could
be utilized as an alternative analytical approach with a high potential to determine antiviral agents
such as OLP in future clinical applications.

Acknowledgments: This work was supported by the Scientific Research Projects Commission of
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