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ARTICLE INFO ABSTRACT

Handling editor: Agata Michalska A ratiometric electrochemical sensor featuring a benzoquinone-modified vertically aligned mesoporous silica
film (BQ/VMSF) has been developed for the accurate detection of diclofenac (DCF), a widely utilized non-
steroidal anti-inflammatory drug. The design process employed the Electrochemical assisted self-assembly
(EASA) technique to grow a thiol-functionalized mesoporous silica film on a carbon screen-printed electrode,
which was further modified with benzoquinone via click chemistry. Characterization using Transmission Elec-
tron Microscopy (TEM), Fourier-Transform Infrared Spectroscopy (FTIR), Cyclic Voltammetry (CV), and Elec-
trochemical Impedance Spectroscopy (EIS) confirmed the successful synthesis and optimal functionality of the
mesoporous structure. In this configuration, benzoquinone serves as an internal redox reference, generating one
redox signal, while the electrochemical oxidation of diclofenac produces a second redox signal. The sensor’s
output is derived from the ratio of these two signals, Ipcr/Ig, enhancing its sensitivity and selectivity for
diclofenac detection. The sensor, tested through Differential Pulse Voltammetry (DPV), exhibited a linear
response range from 1 to 10 uM for diclofenac and a remarkably low limit of detection (LOD) of 0.73 pM.
Application of the sensor for diclofenac analysis in pharmaceutical formulations demonstrated recovery rates
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ranging from 97.68 % to 101.79 % and relative errors below 2.32 %, affirming its practical utility.

1. Introduction

Diclofenac (DCF), a commonly used non-steroidal anti-inflammatory
drug (NSAID), is recognized for its effectiveness in managing rheumatic
discomfort and joint inflammation in both human and veterinary med-
icine. Despite its therapeutic benefits, DCF’s widespread use has led to
notable environmental repercussions. Approximately 75 % of the drug
consumed infiltrates aquatic ecosystems, a consequence of its hydro-
philic nature and resistance to natural degradation processes [1]. The
presence of DCF in various water bodies has ignited concerns due to its
potential to disrupt aquatic ecosystems [2,3], and pose health risks to
humans, including gastrointestinal, renal, and cardiovascular issues [4].

The environmental and health implications of DCF underscore the
imperative for precise, yet accessible, analytical techniques for its
detection. While traditional methods like chromatography[5-8], spec-
trophotometry [9] and capillary electrophoresis [10] offer precision,
their complexity, cost, and time consumption limit their practicality for
frequent monitoring. Electrochemical approaches, capitalizing on DCF’s
electroactive nature [11], present a viable alternative, combining high
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sensitivity and specificity with simplicity, affordability, and ease of use
[12]. These attributes make electrochemical methods particularly suited
for the routine surveillance of DCF, facilitating timely identification and
mitigation of its environmental and health impacts.

Extensive research has been devoted to the electrochemical detection
of diclofenac, utilizing electrodes enhanced with various nanomaterials
to boost sensitivity[13-15]. However, a significant challenge persists:
the fouling of electrode surfaces. This issue is particularly acute in
NSAID detection, including diclofenac, where it can severely diminish
sensor sensitivity and result reliability [16]. Conventional strategies to
mitigate fouling, such as applying protective coatings, often fall short
when the analyte itself, such as DCF, is responsible for fouling [17]. This
challenge necessitates innovative solutions that preserve electrode
functionality without sacrificing analytical precision.

Mesoporous silica nanomaterials, particularly Vertically-aligned
Mesoporous Silica Films (VMSF), have been used to address electrode
fouling issues. Pioneering work by Walcarius and his team has demon-
strated the efficacy of mesoporous silica films in mitigating fouling
problems, especially when dealing with large biomolecules [18]. In fact,
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VMSEF distinguishes itself with its vertically oriented, uniformly sized
nanochannels, offering high pore density, tunable thickness, and robust
mechanical and chemical stability. These characteristics enable VMSF to
perform selective filtering based on size, charge, and lipophilicity,
thereby providing exceptional anti-fouling and anti-interference prop-
erties. VMSF modified electrodes were used for electrochemical
analyzing small molecules in complex samples [19,20]. This was
exemplified in a study by Wang et al. [21] where a VMSF-modified
glassy carbon electrode detected doxorubicin in unprocessed human
whole blood, demonstrating the material’s effective antifouling capa-
bilities. Additionally, the high surface area and the vertically channels of
VMSF support rapid mass transport while naturally preventing analyte
buildup [22]. The versatility of VMSF is further augmented by its po-
tential for functionalization, enabling the incorporation of various
organic molecules or nanoparticles to tailor the material’s properties for
specific sensing applications.

Parallelly, the adoption of ratiometric electrochemical sensing has
been found to boost sensor’s accuracy [23,24]. Different from the con-
ventional single signal sensors, ratiometric electrochemical sensors use
the ratio of two current signal responses at distinct redox potentials as
the final signal output. One signal derives from the electroactive analyte,
while the other is attributed to an internal reference probe (e.g., thionine
[25], methylene blue [26], ferrocene [27]). Since the reference probe
and target analyte are affected by the same sensing environment,
ratiometry offers an inner self-calibration that further improves accu-
racy and sensitivity [28].

Inspired by the concepts discussed, we developed an innovative
ratiometric electrochemical sensor that incorporates a benzoquinone-
modified vertically aligned mesoporous silica film (BQ-VMSF) for the
detection of diclofenac. The design of this sensor involves the electro-
chemical deposition of a mercapto-modified VMSF onto a screen-printed
electrode (SPCE), further modified with benzoquinone molecules. The
chosen design uses Benzoquinone’s redox behavior to provide a reliable
reference signal. DCF was successfully oxidized on the modified elec-
trode and a distinct redox signal was produced. The final sensor output is
determined by the ratio of the diclofenac to benzoquinone signals,
significantly boosting sensitivity and selectivity. The BQ-VMSF modified
SPCE has demonstrated its efficacy in analyzing diclofenac in pharma-
ceutical samples.

2. Materials and methods
2.1. Materials and reagents

Tetraethoxysilane (98 %), (3-Mercaptopropyl)trimethoxysilane (95
%), Cetyltrimethylammonium bromide (>98 %), Sodium nitrate (>99.0
%), Hydrogen peroxide (30 % (w/w) in H»0), Hydrochloric acid (37 %),
Ethanol (99 %), Diclofenac sodium salt, Citric acid, Poly-
vinylpyrrolidone, Cellulose, Glucose, Urea, were purchased from Sigma-
Aldrich and used without further purification.

2.2. Electrochemical pre-activation of SPCE

To ensure the Screen-Printed Carbon Electrodes (SPCEs) were
primed for the subsequent silica film application, a critical pre-
activation step was executed as per the recommendations in the litera-
ture [29]. The SPCEs were subjected to 25 repetitive cyclic voltammetry
scans at a scan rate of 10 mV/s, within the voltage range of +1.0 to —0.7
V (vs. Ag), all conducted in a solution of 10 mM Hy0,, in a 0.1 M
phosphate buffer solution at pH 7. Following the activation, the elec-
trodes were thoroughly rinsed with deionized water and left to dry in
ambient air.

2.3. Growth of vertically-ordered mesoporous silica films (VMSF)

The synthesis of VMSFs on SPCEs was meticulously carried out using
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the Electrochemically assisted self-assembly (EASA) technique,
following the established protocol by Walcarius and co-workers [30,31]
(See Fig. 1). A precursor solution was first prepared. We combined a 0.1
M aqueous solution of NaNO3 with ethanol in a 1:1 vol ratio. To this
mixture, we added Tetraethoxysilane (TEOS) and cetyl-
trimethylammonium bromide (CTAB) to achieve final concentrations of
100 mM and 32 mM, respectively. The pH was adjusted to 3.0 by adding
HCl, and the solution was hydrolyzed with continuous stirring at room
temperature for 2.5 h.

For the growth of VMSFs, the SPCE was positioned horizontally, as a
canvas for our nanostructure. We deposited 80 pL of the precursor so-
lution onto the electrode surface. By applying a voltage of —2.2 V for 30
s the growth process initiated. Subsequently, the electrode was promptly
removed, thoroughly rinsed with water, and dried under a stream of
nitrogen. To ensure the robust cross-linking of the silica network, the
electrode underwent an overnight aging process at 100 °C. The removal
of surfactant micelles (CTAB) from the nanochannels was accomplished
by immersing the CTAB/VMSF/SPCE in a 0.1 M HCl-ethanol solution
under moderate stirring for 5 min. This yielded the final VMSF/SPCE.

In the case of benzoquinone functionalized films, the precursor so-
lution contained MPTMS silane, and the concentration was systemati-
cally varied at 10 %, 15 %, 20 %, and 30 % by weight of MPTMS/TEOS,
maintaining a total silane concentration of 100 mM. Following the
removal of CTAB, the exposed thiol groups facilitated the attachment of
benzoquinone molecules within the mesopores through a click chemis-
try reaction [32]. The functionalized electrode was immersed in a 5 mM
benzoquinone solution for 1 h, ensuring the thorough incorporation of
the benzoquinone. A final rinse with water and drying under nitrogen
flow completed the synthesis, yielding the benzoquinone-modified
VMSE/SPCE ready for electrochemical applications.

2.4. Measurements and instrumentations

ATR-FTIR spectra was recorded using a Nicolet 380 spectropho-
tometer (Thermo Electron Corporation, Waltham, MA, USA) between
4000 and 400 cm™!. The spectrum was obtained as the result of 64 ac-
cumulations. Transmission Electron Microscope (TEM) analyses were
performed on a JEOL JEM 3010UHR microscope operating at 300 kV.
Samples were prepared by mechanically removing (scraping) some
pieces of the mesoporous films, which were dispersed in absolute
ethanol solution and deposited on 200 mesh Cu “holey” carbon grids and
dried at room temperatures before the analysis.

Electrochemical analyses were performed on bare and modified
disposable DropSens carbon screen printed electrode (101) and using a
PGstat30 potentiostat/galvanostat (Autolab, The Netherlands) equipped
with FRA module and controlled with NOVA 2.0 software. Cyclic vol-
tammetry (CV) and Differential pulse voltammetry (DPV) were per-
formed at a scan rate of 50 mV s~! and 10 mV s~! respectively in 0.1 M
PBS solution as a supporting electrolyte. Electrochemical impedance
spectroscopy (EIS) was performed at O V applied potential, in the fre-
quency range 0.1 Hz-100 kHz with amplitude 0.01 V in the presence of
Ru(NHg,)g+ redox probe (0.5 mM) in 0.1 M KCl solution. Impedance data
were processed with Z-View 3.1 software. All measurements were made
in triplicate.

2.5. Preparation of real samples

Real sample analysis was conducted using commercially available
Diclofenac tablets, each containing 25 mg of the drug. The tablet was
finely ground and dissolved in 50 cm® of Milli-Q water, followed by
filtration to remove insoluble residues. The clear filtrate was then
diluted in PBS (0.1 M, pH 7) to a final volume of 100 cm®. The obtained
solution was used as the analyte for diclofenac determination.
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Fig. 1. Schematic Illustration of the preparation process for Benzoquinone-Modified Vertically Aligned Mesoporous Silica Film (BQ/VMSF) on Screen-

Printed Electrodes.

3. Results and discussion
3.1. Structural and morphological characterization

Transmission electron microscopy (TEM) analysis provided defini-
tive evidence of the highly ordered hexagonal pore structure charac-
teristic of the synthesized vertically-ordered mesoporous silica films
(VMSFs), as depicted in Fig. 2A. These top-view TEM images, obtained
after delaminating the VMSF from the electrode surface, reveal a uni-
form pore size distribution with diameters ranging from 2 to 3 nm. The
absence of defects across significant portions of the film underscores the
precision of the electrochemical assisted self-assembly process employed
in the VMSF fabrication [33].

Fourier Transform Infrared (FTIR) spectroscopy further elucidated
the chemical composition and structural integrity of the VMSFs. Spectral
analysis before and after the removal of the CTAB surfactant provided
insights into the mesoporous silica framework (Fig. 2B). The observed
strong absorption band at 1052 cm™!, attributed to Si-O-Si stretching
vibrations, alongside distinct bands at 952 cm™ and 790 cm™! corre-
sponding to Si-O-H and Si-O stretching vibrations respectively, confirm
the siliceous nature of the VMSF. The bending vibration of Si-O bonds
was identified at 427 cm~!, with a broad absorption band at 3365 cm™!

Fig. 2. Structural and morphological characterization of VMSF.
CTAB removal.

BO

Transmittance [ a.u

indicating the presence of Si—-O-H groups [34].

The initial presence of CTAB within the VMSF was confirmed
through the identification of -CH; symmetric and asymmetric stretching
vibrations at 2919 and 2874 cm, respectively, and a bending mode of
—CH, at 1460 cm'. The disappearance of these peaks following CTAB
extraction, coupled with the emergence of a new peak at 1632 cm™
corresponding to —~OH groups, likely signifies physically adsorbed water
molecules [35]. Overall, the characteristic siliceous bonds remained
intact, highlighting the structural resilience of the VMSF in aqueous and
acidic environments.

3.2. Optimization of VMSFs

Critical parameters such as EASA time deposition and MPTMS ratio
were varied to electrochemical characterization, using both CV and EIS
in the presence of Ru(NH3)3*t serving as the redox probe. The strategic
selection of a cationic probe was made, considering the negative charge
of the prepared VMSFs [36].

Initially, a sequence of activated SPCEs underwent modification with
VMSFs, employing deposition times that varied from 5 to 30 s. This set of
experiments excluded MPTMS from the precursor solution. Electro-
chemical responses were assessed using CV and EIS, with 0.5 mM Ru
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(A)TEM images of the VMSF at various magnifications. (B) FTIR spectra of VMSF before and after
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(NHas)s**, both before and after the removal of the surfactant CTAB, as
illustrated in Fig. 3.

Fig. 3A elucidates distinct redox peaks at 4+ 0.025 V and - 0.125 V,
corresponding to the oxidation and reduction of Ru(NH3)§+, respec-
tively, on the activated SPCE. An observed decline in the redox activity
of Ru(NHg)g+ was noted with an increase in EASA deposition time. For
deposition times of 5 and 10 s, the electrodes retained moderate redox
activity, implying partial surface coverage by the VMSF. In contrast,
deposition durations of 15, 20, and 30 s led to a marked reduction in
redox activity, suggesting more extensive surface coverage by the VMSF.
Notably, the electrode with a 30 s deposition exhibited minimal to no
redox activity, indicative of nearly complete surface coverage and the
establishment of a uniformly distributed VMSF layer. These observa-
tions were further confirmed by EIS analysis. Fig. 3B presents Nyquist
plot recorded before CTAB removal. As expected, the activated electrode
exhibited a relatively low charge transfer resistance (Re,) of 14 Q cm?.
Upon modification with VMSF, a significant and gradual increase in
charge transfer resistance was observed. The change in R, values is
outlined as follows for varying deposition times: R, (55) < Rt (108)< Ry
(15s) < R (20s) < R; (30s) (see Table S1). The observed increase in R;
with extended deposition times signifies a greater hindrance to charge
transfer processes, indicative of the formation of denser and more
expansive mesoporous layers on the working electrode surface.
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Following the removal of CTAB, we conducted the same measure-
ments on the VMSF-modified electrodes. The cyclic voltammograms
depicted in Fig. 3C unequivocally showed a pronounced resurgence in
the redox activity of Rll(NHg)ng, characterized by the distinct oxidation
and reduction peaks typical of this redox probe. This clear recovery of
redox signals confirms the electrodes’ restored permeability to solution-
phase redox probes post-CTAB extraction. Notably, we observed varia-
tions in the intensity of the peak currents, which we attribute to differing
degrees of surface electrode coverage. Despite the electrode subjected to
a 30-s deposition displaying lower peak intensity compared to the
others, this reduction in intensity is sufficient to confirm the full resto-
ration of electroactivity, all along with permeability of the electrode.

The Nyquist plots recorded after CTAB removal confirm the presence
of a characteristic Warburg element, particularly at low frequencies
(Fig. 3D). This presence indicates a diffusion process occurring at the
electrode—electrolyte interface across all modified electrodes. The
presence of a Warburg element across all the modified electrodes sug-
gests that the mesoporous structure of the VMSF remains effective in
facilitating diffusion post-CTAB removal. The data also demonstrate a
progressive increase in the charge transfer resistance R, with longer
deposition times of VMSF, ranging from 19 Q em? at 5 s to 39 Q cm? at
30 s. Interestingly, a noticeable reduction in charge transfer resistance is
observed across all VMSF-modified electrodes when comparing the
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Fig. 3. Electrochemical properties of VMSF-modified electrodes at various deposition times (A) CV and (B) EIS analyses before CTAB removal, (C) CV and (D) EIS

post-CTAB removal in the presence of 0.5 mM Ru(NHg)gJr in 0.1 M KCl solution.
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states before and after CTAB removal. This decrease in R, is a positive
indicator of the restored electroactivity of the electrodes. The slight
increase in R, with 30 s deposition time can be attributed to the thicker
mesoporous silica layers, which may introduce additional resistance to
electron transfer, yet it does not impede the electroactivity of the
electrode.

To optimize the functionalization of VMSFs, we assessed the effect of
doping with 3-mercaptopropyltrimethoxysilane (MPTMS). We modified
various electrodes with VMSFs incorporating different MPTMS ratios in
the precursor solution, namely, 10 %, 15 %, 20 %, and 30 % relative to
TEOS, alongside a control sample with 0 % MPTMS.

Cyclic voltammetry recorded after the removal of CTAB, as depicted
in Fig. 4A, showed a decrease in peak current intensity with increasing
MPTMS content when the electrodes were tested with the Ru(NHz)2"
redox probe. This inverse relationship suggests that the presence of
MPTMS and the thiol groups within the mesoporous structure introduces
steric hindrances that affect the electrode’s electroactivity. The corre-
sponding EIS data, presented in Fig. 4B, further supported these find-
ings. The Nyquist plots revealed an increase in the diameter of the
semicircles, indicative of heightened charge transfer resistance (R,
with the increment of MPTMS concentration. This trend is quantitatively
substantiated by Table S3, which specifies that the R, for electrodes
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with 30 % MPTMS/TEOS doping is approximately 2.68 times greater
than that of the undoped VMSF.

The efficacy of benzoquinone immobilization on electrodes was
tested. After soaking the prepared MPTMS/VMSF-modified electrodes in
a benzoquinone solution, we employed both cyclic voltammetry (CV)
and differential pulse voltammetry (DPV) for assessment. The voltam-
mograms, displayed in Fig. 4C, exhibit a clear redox couple corre-
sponding to the oxidation of hydroquinone (HQ) to benzoquinone (BQ)
at +0.05 V vs. Ag and the reduction of BQ to HQ at —0.09 V vs. Ag. This
redox interconversion reflects the stable and reversible behavior of the
immobilized BQ/HQ system.

In DPV measurements (Fig. 4D), a pronounced peak at —0.03 V vs.
Ag was observed, which is attributed to the oxidation of hydroquinone
(HQ) generated during the reduction of benzoquinone under negative
potential conditions. The intensity of this oxidation signal increased
with the MPTMS content in the mesoporous silica film, reaching its
highest value with the 30 % MPTMS/VMSF electrodes. This trend in-
dicates that higher MPTMS content facilitates greater immobilization of
benzoquinone molecules, enhancing the availability of hydroquinone
for oxidation during the anodic sweep.

No significant hindrance to the redox activity was observed, sug-
gesting that the mesoporous silica framework provides an effective
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Fig. 4. Impact of MPTMS concentration on the electrochemical behavior of VMSF modified electrodes. (A) CV and (B) EIS of VMSF-modified electrodes with varying
MPTMS percentages, conducted in 0.5 mM Ru(NH3)2" in 0.1 M KCl solution. (C) CV and (D) DPV of different BQ/MPTMS,/VMSFs modified electrodes conducted in

0.1 M PBS solution.
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environment for the immobilized benzoquinone. Based on these find-
ings, the BQ/30 % MPTMS/VMSFs grown for 30 s were adopted as the
optimal film composition for electrode modification.

3.3. Analytical performance of the sensor

Differential pulse voltammetry (DPV) was performed in the presence
of increasing concentrations of diclofenac, and the results are depicted
in Fig. 5A.

The electrochemical oxidation of diclofenac DCF involves a one-
electron transfer process that forms a reactive radical cation as the pri-
mary intermediate [37]. A discernible peak emerged at + 0.47 V vs. Ag,
corresponding to the oxidation of diclofenac. Remarkably, this oxidation
potential is significantly lower than typically reported values for diclo-
fenac detection, indicating an electrocatalytic effect. For example, in a
study using a silica modified glassy carbon electrode, diclofenac was
detected at a higher potential of +-0.75 V vs. Ag, which is approximately
85 mV lower than that observed on bare glassy carbon electrodes [38].

The DCF peak exhibited an increase current intensity with rising
diclofenac concentration. In contrast, the signal for benzoquinone
decreased as the diclofenac concentration increased, a phenomenon
likely due to fouling effects within the mesoporous structure when
diclofenac is added.

Diclofenac

5 Scan
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This behavior revealed a direct and proportional correlation between
both peak signals and the concentration of Diclofenac, as illustrated in
Fig. 5B. We established linearity between 1 and 10 pM, resulting in a
calibration equation for diclofenac as follows:

Incr = (3168 x1077)-Cper + (1.770 x1076) (R = 0.988). The
calculated limit of detection (LOD) for diclofenac, determined as LOD =
(329 85, )/S, where s, is the residual standard deviation and § is the
slope of the calibration plot, was found to be 1.11 pM.

In parallel, a calibration plot was also established according to the
benzoquinone signal using the following equation:

Inq = (—1.01 x1077)-Cpcr + (3.379x107%) (R? = 0.995). Using
this calibration equation, we determined the limit of detection for
diclofenac, derived from the linear regression analysis. The calculated
LOD for diclofenac was found to be 0.68 pM. The lower LOD can be
attributed to the fact that benzoquinone molecules are more confined to
the electrode surface, which enhances signal stability. This stability,
coupled with its higher electroactivity compared to diclofenac mole-
cules, significantly increases the sensitivity of the signal, lowering the
LOD.

Remarkably, the ratio of Diclofenac to Benzoquinone signals
demonstrated a direct proportionality to the concentration of diclofenac,
as evidenced by the linear regression established and depicted in Fig. 5C:

Diclofenac signal

= Benzoquinone signal

4.5

I per! pA
w =
(5] o
i 1

e
o
L

2.5

204

Cocr/ 1M

Fig. 5. (A) DPV measurements recorded in 0.1 M PBS at pH 7 with consecutive additions of Diclofenac form. (B) Calibration plots of both Benzoquinone and
Diclofenac single signals. (C) Calibration plots of the ratio of Diclofenac and Benzoquinone signals. (D) electrochemical response of different electrodes in the
presence of diclofenac (Cpcr = 2 pM) and common interferences (Cipterferent = 10 pM).
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Incr/pq = 0.158-Cpcr + 0.421 (R? = 0.996). This linear relationship,
with a high coefficient of determination (R?), indicates a robust corre-
lation between the ratio of Diclofenac to Benzoquinone signals and
diclofenac concentration. Notably, the LOD for diclofenac within this
ratiometric framework was even lower, at 0.73 pM.

The LOD achieved using the ratiometric sensing strategy (0.73 pM)
demonstrates a significant improvement over the LOD obtained from
direct detection of diclofenac (1.11 pM). This improvement highlights
the enhanced sensitivity provided by the ratiometric approach, which
effectively reduces variability by normalizing the diclofenac signal
against the benzoquinone reference.

To assess the selectivity of the developed sensor in the presence of
excipients, a series of DPV experiments were conducted in the presence
of different interferent molecules commonly found in excipient for-
mulas, including citric acid, glucose, urea, polyvinylpyrrolidone, cellu-
lose, and others, as detailed in Fig. 5D. The DPV method revealed that
the majority of these interferences did not significantly impact the
ratiometric current response of the sensor. This robustness against
various excipients suggests a high level of selectivity in the electro-
chemical detection of Diclofenac. Furthermore, we attribute the notable
selectivity of the developed sensor to the inherent characteristics of the
mesoporous silica film. The mesoporous structure not only imparts size
selectivity but also contributes to charge selectivity. This dual mecha-
nism enhances the sensor’s ability to discriminate against interfering
substances, reinforcing its specificity for the electrochemical detection
of Diclofenac. The results affirm that the proposed sensor is specifically
designed for the accurate detection of Diclofenac in its pharmaceutical
formulations, demonstrating its efficacy in the presence of common
excipients encountered in practical formulations.

The electroanalytical performance of the method described herein
was further compared to other reported approaches for DCF quantifi-
cation employing various modified electrodes, as summarized in
Table 1. In terms of detectability, characterized by the limit of detection
(LOD), our proposed method exhibits comparable or superior perfor-
mance to many of the methods previously reported. A lower detection
potential has been reached in comparison to the oether modified elec-
trodes. A key strength of this work is the low detection potential of
+0.47 V, which is the lowest among the compared methods, reducing
interference and improving selectivity.

3.4. Determination of diclofenac in real sample

To assess the developed sensor’s practicality, we tested its efficacy
with Voltadvance (25 mg), the commercial tablet form of diclofenac in
Italy. The sensor’s performance, particularly in accurately quantifying
diclofenac concentrations, was rigorously evaluated, and the results are
presented in Table 2. The findings indicate that the sensor achieved
satisfactory recovery rates and minimal relative errors, highlighting its
reliability for diclofenac measurement in pharmaceutical products. The
sensor exhibited apparent recovery rates between 97.68 % and 101.79
% for various spiked concentrations, while maintaining relative errors
below 2.32 %. These outcomes not only attest to the sensor’s trueness
and precision but also to its robustness and adaptability for diclofenac’s
trace analysis in complex samples.

4. Conclusion

The development of a benzoquinone-modified vertically mesoporous
silica film for ratiometric electrochemical detection presents a signifi-
cant advancement in the analytical quantification of Diclofenac. This
novel sensor system demonstrates a superior limit of detection,
enhanced sensitivity, and remarkable selectivity compared to traditional
single signal methods, owing to the synergistic integration of meso-
porous silica’s structural advantages and the ratiometric detection
strategy. The meticulous optimization of electrode modification
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Table 1
Performance comparison of various DCF Electrochemical sensors utilizing
modified electrodes.

Method  Sensing matrix Epcr Linear Range LOD Ref.
(%) (uM) (uM)

Swv GCE/APTES- +0.75 0.3-20 0.053 [38]
Amino-AT-Silica

DPV MWCNTs/PGE +0.79 0.047-12.95 0.017 [39]

FIA-AD 3Ds-CM +0.8 10-40 0.47 [401

DPV MIP-PANI/rGO/ NA 15.7-251.5 3.46 [41]
CPE

DPV MWCNT/TiO,NP/ +0.6 1.1-5000 0.33 [42]
CPE

Lsv f-MWCNT/PBWE +0.5 0.1-100 0.07 [43]

DPV Au-PtNPs/f- +0.6 0.5-1000 0.3 [44]
MWCNTs/GE

DPV Tyrosine-CPE +0.67 10-140 3.28 [45]

DPV BQ/VMSF/aSPCE +0.47 1-10 0.73 This

work

GCE/APTES-Amino-AT-Silica: A glassy carbon electrode modified with an
amino-attapulgite-mesoporous silica composite film. MWCNTs/PGE: A pencil
graphite electrode modified by multiwalled carbon nanotubes. 3Ds-CM: 3D
printed support of acrylonitrile butadiene styrene insulating filament with a
composite material (CM) based on graphite and nail polish. MIP-PANI/rGO/
CPE: A carbon paste electrode modified with a Molecular imprinted polyaniline
and reduced graphene oxide. MWCNT/TiO;NP/CPE: A carbon paste electrode
modified with Multiwalled carbon nanotubes and titanium dioxide nano-
particles. f-MWCNT/PBWE: carboxylated-multiwalled carbon nanotubes-ink
paper based working electrode. Au-PtNPs/f-MWCNTs/GE: A gold elctrode
modified by Functionalized multi-walled carbon nanotubes and gold-platinum
bimetallic nanoparticles. Tyrosine-CPE: Tyrosine-modified carbon paste elec-
trode. SWV: square wave voltammetry. FIS-AD: flow injection analysis system
LSV: Linear sweep voltammetry. DPV: Differential pulse voltammetry.

Table 2
Results of the recovery test of diclofenac in pharmaceutical tablets.
Sample Spiked Found Apparent Relative
(uM) (pM) Recovery (%) error %
Voltadvance® (25 0.00 1.67 99.53 0.47
mg) 1.00 2.71 101.79 1.79
2.00 3.68 100.09 0.09
3.00 4.64 97.68 2.32

parameters and the comprehensive characterization of the sensor’s
electrochemical properties underscore its potential for application in
complex environments. The successful application of this sensor in real
pharmaceutical samples further validates its practical utility and reli-
ability. This study not only contributes a valuable tool for Diclofenac
monitoring but also highlights the broader applicability of mesoporous
silica films in electrochemical sensor development.
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