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Abstract: This study describes the incorporation of bioengineered flagellin (4HIS) protein in conjunc-
tion with TiO2 anatase nanoparticles into a chitosan (Chit) polymeric matrix as a highly sensitive
electrode modifier for the determination of diclofenac sodium (DS) in wastewater. Two types
of electrodes were prepared using a simple drop-casting method. The inner structure of the ob-
tained modified electrode was characterized by scanning electron microscopy (SEM) in combination
with energy-dispersive X-ray spectroscopy and isothermal titration calorimetry (ITC). The electro-
chemical and electroanalytical parameters of DS oxidation at the nanostructured interface of the
modified electrode were obtained via cyclic voltammetry and square-wave voltammetry. The an-
alytical parameters for diclofenac electro-detection showed a 50% decrease in LOD and LOQ at
Chit + TiO2 + 4HIS/GCE-modified electrode compared with the Chit + 4HIS/GCE-modified elec-
trode. The obtained tools were successfully used for DS detection in drug tablets and wastewater
samples. Thus, it was demonstrated that in the presence of a histidine-containing flagellin variant, the
electrode has DS recognition capacity which increases in the presence of TiO2 nanoparticles, and both
induce excellent performances of the prepared tools, either in synthetic solution or in real samples.

Keywords: biosensor; flagellin; TiO2 nanoparticles; cyclic voltammetry; square-wave voltammetry;
electrochemical impedance spectroscopy; diclofenac sodium; wastewater

1. Introduction

Human and veterinary pharmaceutical residue, especially diclofenac sodium (DS),
often arrives in the aquatic ecosystem, leading to direct toxicological consequences on
humans, the long-term (chronic) exposure being reported to have effects worldwide [1].
In this context, diclofenac was included in the first Watch List of the Water Framework
Directive with a predicted no-effect concentration of 50 ng/L (i.e., 0.17 nM) [2,3].

Diclofenac sodium (DS, 2-(2-((2,6-dichlorophenyl)amino)phenyl)acetic acid) is a non-
steroidal anti-inflammatory drug (NSAID), having antipyretic and analgesic properties,
often used to reduce inflammation and certain types of pain.

Given the importance of DS in groundwater and the European Union legislation,
numerous techniques have been employed to determine DS, including chromatography
(i.e., gas chromatography–mass spectrometry [4,5], liquid chromatography [6–8], liquid
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chromatography–mass spectrometry [9], thin layer chromatography [10], spectrophotome-
try [11–15], colorimetry [16], spectrofluorimetry [17], and capillary zone electrophoresis
(CZE) [18].

These methods are time-consuming and/or expensive (e.g., specialized equipment,
highly skilled operators, and the use of high-purity reagents and standards) and often need
the sample pretreatment step. To overcome these drawbacks, electrochemical methods
based on chemically modified electrodes [18–22] are used extensively for their properties
such as selectivity, reproducibility, low cost, and simplicity [18–23]. DS determination
via electrochemical methods was reported in the literature, using either unmodified elec-
trodes (e.g., edge plane pyrolytic graphite electrode [24]), or modified electrodes, using as
modifiers metal or metal oxide nanomaterials [25,26], carbon nanomaterials (e.g., carbon
nanotubes [27], graphene [28]), conducting polymers [29], ionic liquids (ILs), inorganic
complexes (e.g., nickel hydroxide-modified nickel electrode [30]), etc.

In order to enhance the selectivity of the modified electrode, engineered biological
macromolecules immobilized on a modified electrode surface can be an efficient alternative
for drug determination. Proteins of large size and varied composition are particularly
suitable for developing highly specific sensing materials into biosensors due to their com-
plex structure and interaction pattern. Thus, for example, flagellin-based proteins able to
build long (up to 10 µm), highly stable filaments from thousands of monomer units by
self-assembly can be modified to have a great specificity for binding a certain contami-
nant [31]. The redox process facilitated by the presence of a designed protein immobilized
at the electrode surface is often mediated by the presence of nanomaterials, resulting in
improved electroanalytical performance of the device. [32].

Nanotechnology and nanomaterials have received a lot of attention in electrode devel-
opment in recent years due to their positive impacts on analytical performances such as
increased sensitivity, selectivity, and repeatability, which are due to the low density, high
porosity, specific surface area, surface-to-volume ratio, reactivity, biocompatibility, and
adsorption capacity of used nanocomposites [33,34]. TiO2 nanoparticles are catalytically ac-
tive electrode materials [35], having a porous structure that preserves the nano-architecture
of an interconnected nanoparticle porous network [36]. Also, as a result of its other unique
properties (i.e., good conductivity, high surface area, high porosity, strong adsorptive capa-
bility, chemical inertness, optical transparency, chemical/thermal stability, non-toxicity, and
good biocompatibility), it has a high potential for use as modifying agents for electrode
materials. [36,37].

Furthermore, when compared to solid graphite or noble metal electrodes, TiO2
nanoparticle-based electrodes have a reduced background current. Other advantages
include a larger potential window, improved stability, and increased repeatability. Con-
sequently, TiO2 nanoparticles can be combined with other compounds (such as graphite,
carbon nanotubes, etc.), and the synergistic effect leads to a significant improvement in
electrode performance (due to an increase in both surface electroactive area and electron
transfer rate between the electrode and the target molecule) [35].

Based on these advantages, the aim of this paper was to combine bioengineered
flagellin (4HIS) protein with TiO2 nanoparticles immobilized via an eco-friendly polymer
(chitosan) in order to create, for the first time, to our knowledge, a novel modified elec-
trode useful for a more specific determination of DS. The modified electrode prepared
via the drop-casting method was electrochemically characterized by cyclic voltammetry,
square-wave voltammetry, and electrochemical impedance spectroscopy. The developed
modified electrode demonstrated a good detection limit, linear range, and selectivity, being
successfully applied for the determination of DS in drug tablets and wastewater samples.

2. Materials and Methods
2.1. Materials and Reagents

The following reagent were used: acetic acid (0.1 molar, C2H4O2, “Reactivul” Bu-
curesti), chitosan (C12H24N2O9, from crab shells, Sigma-Aldrich, St. Louis, MO, USA),
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disodium phosphate (Na2HPO4·12H2O, 99% pure, “Reactivul” Bucuresti), potassium
phosphate monobasic (KH2PO4, 99.5% pure, Sigma Aldrich), phosphoric acid (H3PO4,
0.1 M, Sigma-Aldrich), potassium hexacyanoferrate(III) (K3[Fe(CN)6], 99% pure, Fein-
biochemica, Bucuresti), potassium ferrocyanide (K4[Fe(CN)6·H2O, 99% pure, Chimopat,
Bucuresti), diclofenac sodium (DS, C14H10Cl2NNaO2, 99% pure, Sigma-Aldrich), glu-
cose monohydrate (C6H12O6·H2O, 99% pure, Merck, Darmstadt, Germany), citric acid
monohydrate (C6H8O7·H2O, 99% pure, Sigma Aldrich), fructose (C6H12O6, 99% pure,
Sigma Aldrich), Ibuprofen (C13H18O2, Sun Pharma, Cluj-Napoca, Romania), paracetamol
(C8H9NO2, Sun Pharma, Cluj-Napoca), dopamine hydrochloride (C8H11NO2, 99%, Alfa
Aesar, Ward Hill, MA, USA), sodium hydroxide (NaOH, 85% pure, Merck), potassium
chloride (KCl, 99% pure, “Reactivul” Bucuresti), titanium oxide anatase (TiO2, anatase,
99.5%, particle size 10–30 nm, Sigma Aldrich), ethanol (98% pure, “Reactivul”, Bucuresti).
Diclofenac tablets (50 mg, from Rambaxy-Terapia, Cluj-Napoca, Romania) were purchased
from a local pharmacy.

A suspension of a 4HIS flagellin variant in polymeric form was prepared in the laboratory
of the Research Institute of Biomolecular and Chemical Engineering (Veszprem, Hungary)
according to [37], except that polymer formation was performed in 20 mM 4-(2-hydroxyethyl)-
1-piperazine ethanesulfonic acid (HEPES) (Sigma-Aldrich), 150 mM NaCl, and pH 7.0 buffer,
via the addition of ammonium sulfate in a final concentration of 0.6 M.

The phosphate buffer solution (PB, 0.025 M, pH 4.6) was prepared by dissolving the
appropriate amount of Na2HPO4 × 12 H2O and KH2PO4 in distilled water [38]. A 0.1 M
DS stock solution was prepared in buffer solution and stored at 4 ◦C in the refrigerator.

Diluted H3PO4 and NaOH solutions were used for adjusting the pH of the buffer solu-
tions. All chemicals having analytical purity were used as received, without any purification.

2.2. Characterization Technique

The morphological structure of the prepared biosensor was carried out using a scan-
ning electron microscope (VEGAS 3 SBU, Tescan, Brno–Kohoutovice, Czech Republic),
which was equipped with a primary and secondary electron detector, to observe the inner
part of the sample. Furthermore, the scanning electron microscopy (SEM) was equipped
with spectra of energy-dispersive X-ray spectroscopy (EDXS), and chemical maps for the
elements were acquired using a Dual EDX System (Bruker, Karlsruhe, Germany).

Isothermal titration calorimetry (ITC) experiments were carried out at 25 ± 0.2 ◦C
by a MicroCal PEAQ-ITC calorimeter. Due to the low solubility of DS at pH 4.6, ITC
measurements were performed at pH 7.0. A 5 mg/mL solution of the 4HIS flagellin variant
in monomeric form was prepared in 100 mM HEPES and 150 mM NaCl (pH 7.0). The
diclofenac Na salt solution was prepared in final volumes of 10 mL (1.35 mM) and 5 mL
(6.475 mM) via direct volumetric adjustment with the same buffer to volume. In all cases,
the diclofenac solution was titrated into the protein at the end point of titration in molar
excesses of 2.2 (monomeric only) and 11-fold (monomeric and polymeric protein). The
ITC data were fitted to a one-binding-site model with the MicroCal PEAQ-ITC Analysis
Software package provided by MicroCal, using a non-linear least-squares algorithm.

2.3. Preparation of the Modified Electrode

The glassy carbon electrode (inner diameter of 3 mm, from ALS Co., Tokyo, Japan)
was polished on felt material with alumina slurry (0.3 µm, Buehler, Crissier, Switzerland).
After that, it was placed in distilled water in ultrasound equipment for 10 min and then
was thoroughly rinsed with ethanol and distilled water.

The 0.1 % chitosan solution was prepared via sonication for 30 min, with 10 mg
chitosan in 10 mL of 0.1 M acetic acid. A suspension containing 1 µL 4HIS (corresponding
to 2 µg flagellin) and 1 mg TiO2 anatase in 1 mL chitosan solution was sonicated for 3 h.

Electrode modification via the drop-casting method consists of depositing three times
a volume of 3 µL of the above-prepared suspension onto the clean GCE surface and drying
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it at room temperature via slow solvent evaporation for 2 h. Thus, the obtained electrodes
were symbolized as Chit/GCE, Chit + 4HIS/GCE, and Chit + TiO2 + 4HIS/GCE.

2.4. Electrode Characterization

The electrochemical characterization of the prepared modified electrodes was per-
formed using a computer-controlled AutoLab potentiostat (PGSTAT302N and PGSTAT 12,
EcoChemie, Utrecht, The Netherlands) operated by GPES 4.7 software for cyclic voltam-
metry (CV) and square-wave voltammetry (SWV) measurements. A conventional three-
electrodes cell, equipped with a working GC-modified electrode, an Ag/AgCl, KClsat refer-
ence electrode, and a platinum plate auxiliary electrode, was connected to the potentiostat.

2.5. Analysis of the Water Sample

To demonstrate the real application perspective of the performed modified electrode,
a real water sample was collected from the city’s wastewater treatment plant (Cluj Napoca,
Romania) and analyzed using the standard addition method. The wastewater sample
was used as it was obtained, without any pretreatment. Also, an HPLC-MS analysis
was performed on the wastewater samples (SOOS laboratory, Nagykanizsa, Hungary) to
compare the sensor’s results.

3. Results
3.1. Morpho Structural Characterization of GCE-Modified Electrodes

The morphological characterization of the films deposited on the GC surface was
performed using SEM and is presented in Figure 1A,B. The Chi + 4HIS coating displays a
slightly rough surface (Figure 1A) without noticeable cracks along the electrode surface.
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The Chi + TiO2 + 4HIS coating is much thicker, and a dense arrangement of submicron-
sized clumps appears to uniformly cover the entire electrode surface (Figure 1B). In contrast
to a uniform planar structure of the Chit, some agglomerations can be seen in the presence
of 4HIS and TiO2 surfaces. From EDX spectra, the presence of Ti is confirmed in the samples
containing TiO2, proving its immobilization which occurs during the preparation of the
modifier film.

3.2. Electrochemical Behavior of GCE-Modified Electrodes for DS Detection

The electrochemical characteristics of the prepared modified electrode were evalu-
ated by cyclic voltammetry. At 50 mV·s−1 (Figure 2), the DS oxidation peak is not visible
at the Chit/GCE-modified electrode, while the DS well-defined irreversible oxidation
peak is placed at 0.763 V vs. Ag/AgCl, KClsat at the Chit + 4HIS/GCE-modified elec-
trode and is shifted in the presence of TiO2 nanoparticles to a lower value of 0.698 V vs.
Ag/AgCl, KClsat at Chit + TiO2 + 4HIS/GCE-modified electrodes. DS oxidation is an irre-
versible process, as no cathodic peak is recorded. Similar values have been reported in the
literature [39–42]. Also, the oxidation peak current intensity increases from 4.11 × 10−6 A
at Chit + 4HIS/GCE to 7.01 × 10−6 A at Chit + TiO2 + 4HIS/GCE, respectively. This means
that there is an increase in current intensities of 70% in the presence of TiO2 in the modified
matrix of the electrode, demonstrating the electrocatalytic performance effect of the TiO2
anatase nanoparticles.
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Figure 2. Cyclic voltammograms in the absence (black dash line) and in the presence of 10−3 M
diclofenac in 0.025 M PB (pH 4.6) at different modified electrodes (see inset, colored solid line).
Experimental conditions: scan rate, 50 mV·s−1; starting potential, −1 V vs. Ag/AgCl, KClsat.

Based on the above, the detection of DS is clearly associated with the presence of 4HIS
flagellin among the electrode surface components. To understand this more thoroughly,
isothermal titration calorimetry was used. ITC measurements of the polymer and monomer
4HIS at pH 7 (due to solubility problems of DS at a lower pH) showed no interaction with
DS even at 10-fold molar excess. This is in agreement with our previous observation that
the 4HIS flagellin variant specifically binds Ni(II) at a neutral pH [43]. In addition, it was
observed that the wild-type flagellin-containing electrode (Chit + wild-type Fill/GCE) did
not exhibit an oxidation peak, indicating that the non-modified filaments were unable to
detect diclofenac sodium. The 4HIS flagellin was constructed from the wild-type with the
modification of L209H-V235H-K241H-S264H, suggesting that the role of the protein in DS
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detection can be reduced to its histidine side chains. ITC titrations suggest that when the
protein is properly folded, the buried binding pocket formed by the four histidine side
chains is not accessible to DS. However, the electrode was prepared in 0.1 M acetic acid
solution (pH~2.9) by stirring for 3 h, which is likely to lead to the decomposition of the
starting polymer and unfolding of the monomers. With the unfolding of the 4HIS, the
binding pocket is eliminated, and the histidine side chains can be positioned on the protein
surface, accessible to DS. As well, the behavior of the Chit + TiO2 + 4HIS/GCE electrode
could be explained by the synergetic effect of the biochemical arrangement of 4HIS in
recognizing DS in the solution and of the spatial distribution of the TiO2 nanoparticles in
the modified electrode matrix, which increases the electrochemically active surface area of
the electrode matrix.

In order to estimate the electrochemical active area, CVs were performed in a scan rate
range of 0.010–1 V s−1 in a solution of 0.1 M KCl containing 0.5 mM of K3[Fe(CN)6]/K4[Fe(CN)6.
For both studied modified electrodes, an increase in the anodic peak current intensities
(Ip,a) and the scan rate (ν) was observed (Figure 3A,B).
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Figure 3. Cyclic voltammograms at Chit + 4HIS/GCE (A) and Chit + TiO2 + 4HIS/GCE (B)-modified
electrodes in 0.1 M KCl containing 0.5 mM K3[Fe(CN)6]/K4[Fe(CN)6 solution and the corresponding
I versus v1/2 dependencies (C). Experimental conditions: scan rates, see inset; starting potential, −1 V
vs. Ag/AgCl, KClsat.

The electrode process, involving the redox couple [Fe(CN)6]3−/[Fe(CN)6]4−, is a quasi-
reversible one-electron transfer process which obeys the Randles–Ševčik Equation (1) [44]:

Ip,a = (2.69 × 105) n3/2·A·C0·D1/2·ν1/2 (1)

where Ip,a is the anodic peak current (in A), n is the number of electrons transferred (in
our case, one electron for the [Fe(CN)6]3−/[Fe(CN)6]4− redox couple), A is the active
surface area of the electrode (in cm2), C0 is the concentration of the solution (in mol/cm3;
in our case, 0.5 × 10−6 mol/cm3), D is the diffusion coefficient (cm2·s−1; in our case,
7.60 × 10−6 cm2·s−1 [45]), and ν is the scan rate (in V/s).

The obtained linear dependences between I versus v1/2 are as follows (Figure 3C):
I/A = (−1.21 × 10−5 ± 3.81 × 10−6) + (1.01 × 10−4 ± 7.24 × 10−6)v1/2/(V/s)1/2,

R/no. points = 0.9875/7, for Chit + 4HIS/GCE;
I/A = (2.08 × 10−5 ± 9.08 × 10−6) + (2.02 × 10−4 ± 2.3 × 10−5)v1/2/(V/s)1/2, R/no.

points = 0.9750/6, for Chit + TiO2 + 4HIS/GCE.
Using the slope value of I versus v1/2 dependencies and Equation (1), for the active

surface area, the values obtained were 0.136 cm2 for Chit + 4HIS/GCE and 0.272 cm2 for
Chit + TiO2 + 4HIS/GCE-modified electrodes, respectively. Compared with the geometric
area of the electrode of 0.07065 cm2, the active surface area of the modified electrodes is
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greater. Also, it must be pointed out that the presence of TiO2 increases the active surface
area of the electrode twice, as expected.

3.2.1. Influence of Scan Rate on DS Oxidation

Figure 4A shows the influence of the scan rate on DS oxidation at the Chit + 4HIS +
TiO2/GCE-modified electrode. As expected, the peak potential shifted to a more positive
value of potential with the increase in the scan rate. The following linear log I versus log v
dependencies were obtained:
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Experimental conditions: electrolyte, 0.025 M PB (pH 4.6); starting potential, −1 V vs. Ag/AgCl, KClsat.

log I/A = (−6.53·± 0.218) + (0.618 ± 0.095) log v/(V/s), R/no. points = 0.9550/6, for
Chit + 4HIS/GCE;

log I/A = (−5.76 ± 0.103) + (0.447 ± 0.046) log v/(V/s), R/no. points = 0.9799/6, for
Chit + TiO2 + 4HIS/GCE.

The slopes of log I vs. log v dependencies (Figure 4A inset) with values close to 0.5 are
characteristic of redox processes controlled by diffusion, while values close to 1 indicate
processes controlled by adsorption [44]. From the data in the previous equations, it can be
concluded that the redox process at the electrode occurred under diffusion control in both
cases of modified electrodes.

3.2.2. Influence of the pH on DS Oxidation

It is worth mentioning that the pH of the electrolyte could have an important impact
on the catalytic properties of the modifier and thus on its behavior, the reaction mechanism
at the electrode, and the analytical parameters of the modified electrode. In this context, the
effect of the pH of the supporting electrolyte in the range of 3.0–8.0 on the electrooxidation of
10−3 M DS at different modified GCEs was studied using cyclic voltammetry at a scan rate
of 50 mV s−1 (Figure 4B). It can be observed that the anodic peak potential values gradually
shift to more negative potential values as the pH increases. This behavior suggests that
protons are involved in the oxidation reaction at the electrode interface [45,46].

The linear dependencies of the anodic peak potential on pH have the following slopes:
−0.033 ± 0.003 (R/n = 0.9935/5) at Chit + 4HIS/GCE and −0.040 ± 0.001 (R/n = 0.9993/5)
at Chit + TiO2 + 4HIS/GCE, respectively. Those values show a slight sub-Nernstian
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behavior compared to the theoretical Nernstian slope of 0.059 V/pH. This action is probably
due to the bioengineered flagellin (4HIS) protein component of the electrode matrix, whose
behavior is influenced by the variation in pH.

3.3. Analytical Characterization

For the analytical detection of diclofenac, the square-wave voltammetry (SWV) method
was used due to its high sensitivity, enhanced peak resolution, and ability to discriminate
the capacitive current [47] or to have low background current [48]. Figure 5A presents,
as an example, the voltammograms recorded at the Chit + TiO2 + 4HIS/GCE-modified
electrode, and the calibration curves for all modified electrodes are presented in Figure 5B.
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Figure 5. SWVs recorded at Chit + TiO2 + 4HIS/GCE (A) and the corresponding calibration curves
for different modified electrodes (see inset) (B). Experimental conditions: electrolyte, 0.025 M PB
(pH 4.6); stock solution, 10−4 M DS; frequency, 10 Hz; step potential, 0.01 V; amplitude, 0.01 V;
starting potential, 0.6 V vs. Ag/AgCl, KClsat.

Linear dependencies between the anodic peak current intensities and DS concentra-
tions were obtained in the concentration ranges from 0.25 × 10−6 to 2 × 10−6 M DS and
0.11 × 10−6 to 2 × 10−6 M DS at Chit + 4HIS/GCE and Chit + TiO2 + 4HIS/GCE-modified
electrodes, respectively, as described by the following regression equations:

Ip,a/A = (1.13·× 10−7 ± 3.87·× 10−9) + (0.153± 0.004) [DS]/M, R = 0.9976 n = 8 points,
at Chit + 4HIS/GCE;

Ip,a/A = (1.29 × 10−7 ± 2.42·× 10−9) + (0.250 ± 0.003) [DS]/M, R = 0.9997, n = 8
points, at the Chit + TiO2 + 4HIS/GCE-modified electrode, respectively.

When compared to the Chit+4HIS/GCE-modified electrode, the sensitivity of the
Chit + TiO2 + 4HIS/GCE-modified electrode is about twice as high. The limits of detection
(LOD) and the limit of quantification (LOQ) were calculated as 3 × sb/m, and 10 × sb/m,
where sb is the standard deviation blank analyte signal and m is the slope of the calibration
equation [49]). The obtained values of LOD were 0.066 µM and 0.033 µM DS, and 0.252 µM
and 0.111 µM DS for LOQ, at Chit + 4HIS/GCE and Chit + TiO2 + 4HIS/GCE-modified
electrodes, respectively. As seen, a 50% lower LOD and LOQ were obtained for the
Chit + TiO2 + 4HIS/GCE-modified electrode in comparison with the Chit + 4HIS/GCE-
modified electrode, proving the beneficial effect of the presence of TiO2 in the modi-
fier matrix of the electrode. The obtained LOD values are comparable [29] or even
better [20,25,26,39,40,50] than those obtained for quasi-similar sensors reported in the
literature (Table 1).
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Table 1. Comparison of the electroanalytical performances of the different modified electrodes for
the determination of DS.

Electrode LOD (µM) Linear Range (µM) Real Sample References

GO-COOH/GCE 0.09 1.2–400 / [20]
Au–Pt NPs/f-MWCNTs/Au 0.30 0.5–1000 / [25]

CeO2NPs/SPCE 0.40 0.1–26 Tablets [26]
nanoTiO2/PEDOT/GCE 0.03 4–15 / [29]

Amino-labeled 0.27 5–1000 Blood serum [39]
aptamer/Fe3O4/AuNP/CNT/GCE 20 10−5–1.3·× 10−3 Tap and surface water [40]

NiNPs/erGO/GCE 0.09 0.25–125 / [50]
Chit + 4HIS/GCE 0.066 0.25–2 Wastewater This work

Chit + TiO2 + 4HIS/GCE 0.033 0.11–2 Wastewater This work

SPCE = graphite-based screen-printed carbon electrodes; AuNPs = gold nanoparticles (AuNPs); CNT = carbon
nanotubes; GO-COOH/GCE = carboxyl-functionalized graphene oxide; Au-Pt NPs/f-MWCNTs/Au = Au-Pt
nanoparticles (Au-Pt NPs) and functionalized multiwalled carbon nanotubes (f-MWCNTs); PEDOT = poly
(3,4-ethylenedioxythiophene; erGO = electrochemically reduced graphene oxide.

The repeatability and reproducibility of the modified electrodes were investigated by
recording the square-wave voltammograms for 3 µM DS in 0.025 M PB solution (pH 4.6).
The repeatability was examined using the same electrode for six consecutive measurements,
obtaining a relative standard deviation (RSD) of the peak current intensities of 2.75%
(Chit + TiO2 + 4HIS/GCE) and 4.30% (Chit + 4HIS/GCE), respectively, showing very good
repeatability of responses at each modified electrode.

The reproducibility was examined by comparing the responses of six different modi-
fied electrodes prepared following the same experimental procedure. The relative standard
deviations of the obtained current peak intensities were 2.78% at Chit + TiO2 + 4HIS/GCE
and 3.5% at Chit + 4HIS/GCE-modified electrodes, respectively.

The short-time stability of the studied modified electrodes was estimated by perform-
ing cyclic voltammograms during 25 cycles in 10−3 M DS, with a scan rate of 50 mV s−1.
The intensity of the peak was similar during the first 25 cycles, with a slight decrease in the
anodic peak intensity of about 5% for all prepared electrodes.

The obtained results show that the developed nanocomposite-based modified electrodes
had good repeatability, reproducibility, and stability toward the determination of DS.

3.4. Interferences Study

The ability of the prepared modified electrode to be selective for DS determination was
evaluated by adding different concentrations of potential interfering compounds that might
be present in real biological samples together with the analyte. Thus, 10−3 M glucose, citric
acid, fructose, ibuprofen, paracetamol, or dopamine were added to a 10−5 M DS prepared
in 0.025 M PB (pH 4.6), and the peak current intensities in the presence and absence of
interference compounds were compared. The signal change, expressed in percent, was
calculated as the ratio (Iint+DS − IDS)/IDS, where IDS is the peak current intensity for DS
and Iint+DS is the peak current intensity for DS in the presence of the interfering compound.

As seen in Figure 6, for all prepared modified electrodes, the signal change of less than
5% is probably due to the selectivity caused by the histidine side chains of the unfolded
flagellin contained in all electrode matrices. However, the greatest values for the signal
changes were recorded in the case of citric acid and glucose for all prepared electrodes,
especially at the Chit + TiO2 + 4HIS/GCE-modified electrode. This behavior is most likely
caused by the presence of TiO2 anatase nanoparticles in the sensitive electrode matrix,
which offers a high active surface area.
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Figure 6. Interference studies at Chit + 4HIS/GCE (green) and Chit + TiO2 + 4HIS/GCE (blue)-
modified electrodes in the presence of 10−5 M DS in 0.025 M PB (pH 4.6) and 10−3 M of
different contaminants.

These results suggest a good selectivity of the prepared electrodes, proving that the
modified electrodes are a suitable technique for DS detection.

3.5. Determination of DS in the Pharmaceutical Sample and in the Wastewater Sample

The applicability of the developed modified electrodes was investigated for the de-
termination of DS from pharmaceutical tablets containing 50 mg DS into an inert matrix
of lactose monohydrate, povidone, corn starch, colloidal anhydrous silicon dioxide, mag-
nesium stearate, and talc. In order to overcome the possible matrix effects, the standard
addition method was performed. For this purpose, the tablet was crushed in an agate
mortar, and a weighted quantity of powder was diluted in 100 mL 0.025 M PB (pH 4.6) to
obtain a 1.57 µM DS final concentration and was sonicated for 10 min. A total of 10 µL of the
drug solution was added to 10 mL of 0.025 M PB (pH 4.6), then additions of 10 and 25 µL
of standard 10−4 M DS were performed and SWVs were recorded after each addition.

Figure 7A and Table 2 summarize the obtained results. It can be observed that the
recovery was between 96–98.7% for all prepared modified electrodes, with the best results
for the Chit + TiO2 + 4HIS/GCE-modified electrode, proving that the presence of TiO2
nanoparticles induces an enhanced behavior of the modifier matrix of the electrode. The
obtained values are in good agreement with those indicated by the pharmaceutical producer.
Due to this behavior, both Chit + 4HIS/GCE and Chit + TiO2 + 4HIS/GCE-modified
electrodes are sufficiently accurate and precise to be used for the determination of DS in
biological samples.

Table 2. Comparative determination of DS in pharmaceutical products. Experimental conditions: see
Figure 7A. Mean ± standard deviation of 3 measurements with different electrodes.

Type of Electrode [DS]/µM
Added [DS]/µM Found Recovery

(%) R/n

Chit + 4HIS/GCE 1.57 1.55 ± 0.63 98.72 ± 0.58 0.9964/6

Chit + TiO2 + 4HIS/GCE 1.57 1.51 ± 0.77 96.18 ± 0.4 0.9991/6
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Table 3. Comparative determination of DS in wastewater sample. Experimental conditions: see Fig-
ure 7B. Mean ± standard deviation of 3 measurements with different electrodes. 
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µM 
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% 

Chit + 4HIS/GCE 0.24 ± 0.026 0.19 ± 
0.0018 

20.83 3.53 
Chit + TiO2 + 4HIS/GCE 0.20 ± 0.09 5 0.70 

4. Conclusions 
A newly modified electrode based on a matrix containing a novel bioengineered his-

tidine-containing flagellin (4HIS) and TiO2 nanoparticles immobilized with chitosan 
(Chit) polymer on the surface of GCE was prepared (Chit + TiO2 + 4HIS/GCE) and charac-
terized by electrochemical investigation techniques. TiO2 nanoparticles in the polymeric 
matrix led to obtaining an active surface area that is double that of Chit + 4HIS/GCE. For 
diclofenac sodium detection, the Chit + TiO2 + 4HIS/GCE-modified electrode had a LOD 
of less than 50% than the Chit + 4HIS/GCE-modified electrode, proving the beneficial ef-
fect of the presence of the TiO2 anatase structure in the modifier matrix. The device was 
used for the determination of DF either from pharmaceutical or wastewater real samples, 
with good recoveries and results when compared with the standard methods of analysis. 
Compared to wild-type (histidine-free) flagellin-containing matrices, it can be concluded 
that the interaction of DS with the aromatic side chains of histidine plays an important 
role in the specific detection of DS. 

Thus, based on the advantages of using TiO2 in the electrode matrix, our work com-
bines for the first time, to our knowledge, TiO2 with bioengineered flagellin (4HIS) protein 
and improves the GCE-modified electrode performances (detection limit, linear range, se-
lectivity, stability, etc.) for DS detection. Moreover, the obtained results, which are suffi-
ciently accurate and precise, proved that the obtained modified electrodes can be used for 
the determination of DS in real samples. 
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Figure 7. Standard addition plot obtained with a Chit + 4HIS/GCE (red) and Chit + TiO2 + 4HIS/GCE
(blue)-modified electrode, and the corresponding SWVs recorded at Chit + TiO2 + 4HIS/GCE-
modified electrode (inset) for DS determination in pharmaceutical product (A) and in wastewater
(B) samples. Experimental conditions: frequency, 10 Hz; step potential, 0.01 V; amplitude, 0.01 V;
starting potential, −0.4 V vs. Ag/AgCl, KClsat.

Another potential applicability of the prepared modified electrodes is the determina-
tion of DS concentration in wastewater samples, using the same standard addition method.
No pretreatment of the wastewater samples was required. As previously described, the in-
tensity of the peak increased linearly after each addition of aliquots of standard DS solution.
The unknown concentration of DS was estimated by extrapolating the calibration curves
(intersection with 0Y = 0 axis) from Figure 7B, and the obtained data are summarized in
Table 3.

Table 3. Comparative determination of DS in wastewater sample. Experimental conditions: see
Figure 7B. Mean ± standard deviation of 3 measurements with different electrodes.

Type of Electrode SWV/
µM

HPLC/
µM

Relative Error/
%

RSD/
%

Chit + 4HIS/GCE 0.24 ± 0.026
0.19 ± 0.0018

20.83 3.53

Chit + TiO2 + 4HIS/GCE 0.20 ± 0.09 5 0.70

4. Conclusions

A newly modified electrode based on a matrix containing a novel bioengineered
histidine-containing flagellin (4HIS) and TiO2 nanoparticles immobilized with chitosan
(Chit) polymer on the surface of GCE was prepared (Chit + TiO2 + 4HIS/GCE) and charac-
terized by electrochemical investigation techniques. TiO2 nanoparticles in the polymeric
matrix led to obtaining an active surface area that is double that of Chit + 4HIS/GCE. For
diclofenac sodium detection, the Chit + TiO2 + 4HIS/GCE-modified electrode had a LOD
of less than 50% than the Chit + 4HIS/GCE-modified electrode, proving the beneficial
effect of the presence of the TiO2 anatase structure in the modifier matrix. The device was
used for the determination of DF either from pharmaceutical or wastewater real samples,
with good recoveries and results when compared with the standard methods of analysis.
Compared to wild-type (histidine-free) flagellin-containing matrices, it can be concluded
that the interaction of DS with the aromatic side chains of histidine plays an important role
in the specific detection of DS.
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Thus, based on the advantages of using TiO2 in the electrode matrix, our work com-
bines for the first time, to our knowledge, TiO2 with bioengineered flagellin (4HIS) protein
and improves the GCE-modified electrode performances (detection limit, linear range,
selectivity, stability, etc.) for DS detection. Moreover, the obtained results, which are suffi-
ciently accurate and precise, proved that the obtained modified electrodes can be used for
the determination of DS in real samples.
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