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ABSTRACT: The present study described the fabrication and . , Q”;ﬁ ot
electroanalytical performance of planar screen-printed disposable .,/ s oil s 3 s /

sensors based on copper oxide nanoparticles (CuONPs/SPEs) for A - i St
the voltammetric determination of tapentadol (TAP) in its 6o\ PH5 o ?0—2 : 1/

marketed pharmaceutical products and biological fluids. CuONPs 15 al s )m ' - v ./

exhibited electrochemical activity against the electrooxidation of u R e

TAP with an anodic peak at 0.84 V in the BR buffer at pH 5. The N b 8

electroanalytical investigations and molecular orbital calculations W

pointed out the oxidation of the tertiary amine group within the o

TAP moiety with the transfer of two electrons and protons during W

the oxidation of the TAP molecule at the CuONPs/SPEs surface. EV)
Linear calibration graphs were constructed covering the TAP
concentration ranging from 0.83 to 738 ng mL™"' with a limit of
detection (LOD) value up to 0.24 ng mL™". The disposable printed sensor based on CuONPs offered high measurement and
fabrication reproducibility with a prolonged lifetime of 6 months. Improved performance toward TAP was recorded without
noticeable interference from degradation products, additives, excipients, uric acid, and ascorbic acid. Moreover, tapentadol and
paracetamol (PC) can be simultaneously quantified. The CuONPs/SPEs were applied for monitoring TAP residues and in vitro
dissolution studies of TAP in commercial pharmaceutical formulations.

CuONPS/SPEs

1. INTRODUCTION common side effects of TAP are vomiting, dizziness, nausea,
headaches, somnolence, and decreased appetite. Additionally,
less common effects related to the central nervous system
including sedation, depressed mood, respiratory depression,
and drug withdrawal syndrome were also reported.” However,
abusive drug practices still pose risks of opioid overdose and
fatality. Detecting tapentadol in urine using existing toxicology
screen tests is challenging because many of the available tests
are limited to certain y-agonist drugs and lack specificity and
sensitivity to others.”'’

Tapentadol is not official in any pharmacopeia; however, few
spectrophotometric and chromatographic methods were
reported for assaying TAP in bulk and formulated samples.”
Chromatographic techniques such as RP-HPLC,''™'*'3,
HPTLC,14 and HPLC-MS/MS"™" were reported for the
quantification of tapentadol in complex samples. UV
spectrophotometric methods,'®'? Q-absorbance ratio spec-

Pain, an unpleasant response feeling, can manifest as acute or
chronic. Effective pain management relies on a range of
pharmacological interventions, including nonopioid and opioid
analgesics. Tapentadol (TAP) is an opioid analgesic that acts
as an inhibitor of norepinephrine reuptake and a p-agonist
receptor in the central nervous system."”” TAP received FDA
approval in 2008, followed by approvals in the United
Kingdom and Europe in 2010, and it is now available in
over 56 countries worldwide.”* TAP is administered for the
efficient treatment of severe, acute, moderate, and chronic
pain, such as neuropathic and musculoskeletal pain (lower
back, knee, or hip osteoarthritis). Clinical trials and long-term
efficacy studies demonstrate sustained pain management
without evidence of drug tolerance for up to 2 years of
continued treatment.” Due to its dual synergistic action, TAP
exhibits broad analgesic properties and an exceptionally potent
pain-reducing effect, falling somewhere between morphine and
tramadol. It achieves this without relying on active metabolites Received:  October 6, 2024
and has minimal drug interactions, as approximately 99% of Revised:  January 1, 2025
TAP metabolites are excreted by the kidneys.”” Moreover, Accepted: January 6, 2025
TAP is well tolerated and associated with less common side Published: January 16, 2025
effects and a lower fatality rate compared to other opioid

analgesics like morphine, oxycodone, and hydrocodone.” The
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trometry,”’ and ratio-spectra derivative spectrophotometry
were reported.”’ In addition, a kinetic spectrophotometric
method to assess tapentadol in tablets and spiked urine
samples showed a linearity of 2—12 ug mL™.** Moreover, a
stability-indicating spectrofluorimetric approach was intro-
duced for a sensitive measuring of TAP in bulk and
pharmaceutical formulations.”> Chromatographic approaches
effectively separate and monitor the pharmaceutical com-
pounds, but they are expensive, with complicated pretreatment
protocols and the requirement of skilled operators.”*
Spectrometric measurements are usually applied for authentic
pharmaceutical formulations containing higher analyte con-
centrations, with low selectivity in biological samples and
applications of several derivatization steps. These limitations
are an obstacle to postmarketing pharmaceutical surveillance,
especially of biological samples. Therefore, precise, rapid, and
simple analytical tools are needed.

Electroanalytical measurements have been encouraged for
quality control and monitoring of pharmaceutical residues
based on their adequate sensitivity and simplicity of equipment
compared with spectrometric and chromatographic techni-
ques.”” ™" Electroanalytical approaches offer an advanced
blend of simplicity while maintaining the sensitivity of the
method by leveraging miniaturization and modifications of the
active working electrodes. Electrochemical sensors are based
on a selected recognition “sensing” element that “senses” and
interacts with the target analyte and transducer that converts
such interaction to a measurable electrical signal, which in turn
is proportional to the target analyte concentration.’®
Voltammetric analysis offers many advantages due to the
high sensitivity with the limit of detection in the subnanomolar
levels and the possibility of simultaneous multianalyte
measurement.”” In this regard, carbon paste electrodes
integrated with graphene nanosheets (NG/CPEs) were
reported for the voltammetric determination of TAP in
pharmaceutical samples within a linear concentration in the
range from 17 to 136.3 ng mL™.%

As drug usage continues to rise, the adoption of screen-
printed technology presents an opportunity to develop reliable
portable devices. These devices can ensure strict safety
compliance, facilitate urgent clinical assessments, and enable
real-time monitoring of drug overdosages in a noninvasive
manner, thereby curbing misuse and aiding law enforcement
applications.””*" Screen-printed technology is a well-estab-
lished and cost-effective technology that integrates reference,
counter, and working electrodes onto a single substrate
surface.’” Such electrodes offer several additional advantages,
including mass production with high selectivity, rapid
detection, on-site applicability, real-time monitoring, and
adaptability.*

To modify homemade screen-printed or carbon paste
electrodes with a desired material, the most common approach
is the use of drop casting in which a suitable aliquot of liquid
containing a modifier suspension is deposited onto the
electrode surface, and after evaporation of the solvent, a
layer of the modifier was deposited on the electrode surface.**
If done incorrectly, the distribution of the modifier across the
surface is altered, which has a negative influence on the
electroanalytical behavior of the modified sensor with poor
stability. To circumvent the above limitations, an alternative
modification approach can be recommended through for-
tification of the printing ink with the desired material, which
reduces the resistance between the desired material and the
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electrode surface and improves electron transfer properties.
Bulk modification provides a simple and effective approach,
allowing one to create mass-produced electrochemical plat-
forms. Recently, there has been a significant focus on tailor-
made electrochemical sensors with improved performance via
integration of the electrode matrices with various nanomateri-
als with a reported electrocatalytic activity, which facilitates the
electrooxidation of the target analyte and electron transferee
process at the electrode surface.”** With promising electro-
catalytic futures, CuONPs-based voltammetric sensors were
encouraged for monitoring of various pharmaceutical com-
pounds in their formulations and complex biological
samples.”~**

In the present work, homemade planner screen-printed
sensors bulk modified with CuONPs were developed for the
voltammetric quantification of tapentadol. The sensor perform-
ance was evaluated for the linearity parameters, limit of
quantification (LOQ), and detection and their selectivity
against possible interference. The introduced sensors showed
potential applications in pharmaceutical quality control and in
vitro dissolution studies of TAP in commercial pharmaceutical
formulations. As a sensitive disposable sensor, it can facilitate
rapid drug screening and on-site detection, enabling early
medical intervention in drug abuse cases.

2. EXPERIMENTAL SECTION

2.1. Tapentadol Authentic Sample and Chemical
Reagents. Tapentadol hydrochloride standard sample (TAP-
HCJ, 3-((1R,2R)-3-(dimethylamino)-1-ethyl-2-methyl-propyl)
phenol hydrochloride, C;,H,,CINO, 99.90%, 175591-09-9)
was purchased from Beijing Huikang Boyuan Chemical Tech
Co., Ltd (China). The TAP solution was prepared by
dissolving a precalculated amount of the TAP standard sample
in deionized water. Graphite powder (1—2 pm, Aldrich) was
applied for manufacturing a printing carbon ink. Various metal
oxide nanostructures were implanted as modifiers, including
copper oxide (Alfa Aesar), titanium oxide, iron oxide, and zinc
oxide nanopowders supplied by Sigma-Aldrich. The drug-free
biological fluids (VACSERA, Giza, Egypt) were applied as
biological samples. The Britton—Robinson buffer solution (4 X
107 mol L™') was used, and the required pH was adjusted
using the NaOH solution. Potassium ferricyanide (FCN,
Sigma-Aldrich) was used for electrochemical impedance
spectroscopic and surface area measurements.

2.2. Instrumentation and Construction of the Work-
ing Electrode. Metrohm workstation (797 VA, Switzerland)
was applied for the voltammetric measurement connected with
a three-electrode measuring cell containing Ag/AgCl as a
reference electrode, the fabricated printed sensors as an active
working electrode, and Pt wire as an auxiliary electrode. The
conductive printing ink was formulated as described in detail
elsewhere*”** by intimate mixing 0.5 g of graphite powder
with 0.6 g of commercial nail polish. One gram portion of the
homogeneous ink was enriched with 50 mg of the electrode
modifier with continuous stirring. Carbon-based printing ink
was printed onto an overhead projector PVC sheet with
dimensions of $ mm X 35 mm.** After curing for 2 h at 50
°C, individual printed sensors were covered with a protective
layer of nail polish, leaving a circular working area of 3 mm
diameter.

2.3. Recommended Analysis Protocol. The supporting
electrolyte containing 15 mL of the BR buffer solution at pH 5
was enriched with suitable aliquots of the TAP standard

https://doi.org/10.1021/acsomega.4c09110
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Figure 1. (a) SEM and (b) EDX of the fabricated CuONPs/SPEs.
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solution. Differential pulse voltammograms were monitored
under the following electroanalytical conditions: deposition
potential of 0.1 V, accumulation time of 100 s, pulse amplitude
of 50 mV, pulse width of 100 ms, pulse duration of 40 ms, scan
rate of 44 mV s, voltage step of 7 mV, and voltage step time
of 0.15 s.

2.4. Analysis of the TAP Pharmaceutical and Bio-
logical Samples. The marketed tapentadol sample (Supra-
tadol 100 mg of TAP-HCl/Tab, Pioneer Pharm. Industries,
New Cairo, Cairo, Egypt) was collected from local drug stores.
Five tablets were carefully ground, and weight equivalent to
one tablet was dissolved in 40 mL of water and sonicated for
30 min. The sample solution was filtered, and the volume was
adjusted to 50 mL with water. The sample solution was further
diluted to an appropriate concentration, and the TAP content
was measured at the optimized voltammetric conditions and
spectrophotometrically at 280 nm.”!

The standard plasma samples were spiked with suitable
aliquots of the authentic TAP solution and mixed with
acetonitrile (1:3 ratio). After centrifugation to precipitate the
sample protein, the TAP content was analyzed voltammetri-
cally and according to the spectrophotometric protocol.
Similarly, the urine samples were spiked with TAP, followed
by methanol and centrifugation to remove protein.

2.5. Measuring the Electroactive Surface Area (EASA).
To estimate the electroactive surface area (EASA), successive
cyclic voltammograms were recorded in the FCN solution at
different scan rate values. The peak current was plotted versus
the corresponding square root of the scan rate (v"/?) values,
and the EASA was calculated based on the Randles—Sevcik
equation47‘48

I, = (299 x 10°)n*?AD'>Cv'"? (1)
where 1 is the number of electrons transferred in the electrode
reaction, A is the EASA, D is the diffusion coefficient (7.6 X
107% cm? s7!), and C is the potassium ferricyanide
concentration.

2.6. Stress Degradation of Tapentadol. The forced
degradation studies of TAP were carried out following the ICH
guidelines under different stress conditions including hydrol-
ysis, oxidative degradation, thermal, and photolytic degrada-
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tion."”* For the acidic, basic, and neutral hydrolysis

conditions, the TAP solution (1.0 mg mL™") was refluxed
with HCl, NaOH, or water for 5 days at 80 °C. Under
oxidative degradation conditions, the TAP sample was mixed
with 5% H,O, solution and incubated for 15 days at 25 °C.
Thermal degradation study was tested on the solid TAP
sample at 100 °C for 48 h. Under photolytic degradation, the
solid TAP powder was exposed to UV light (360 Wh/m™2) in
the photostability chamber. After different intervals, samples of
the degradation mixture were withdrawn and diluted to a
suitable TAP concentration, and the absorbance was measured
at 280 nm compared with the voltammetric measurements
under the present procedure.

2.7. Dissolution Testing of the Tapentadol Pharma-
ceutical Sample. The dissolution profile of the commercial
tapentadol pharmaceutical sample (Supratadol, 100 mg/tablet)
was tested using USP apparatus type 1 in 900 mL of the HCI
solution (0.1 N) as the dissolution medium at 37 °C and
rotation speed of 75 rpm.”’ Definite aliquots were withdrawn
from the dissolution media after different time intervals, and
the released TAP was analyzed by the developed voltammetric
approach in comparison to the spectrophotometric one.”

3. RESULTS AND DISCUSSION

3.1. Characterization of the CUONPs/SPCEs. As a newly
formulated printing ink, the shape and morphology of the
constructed sensors fortified with CuONPs were investigated
with scanning electron microscopy (SEM) and energy-
dispersive X-ray spectroscopy (EDX). SEM was utilized to
assess the surface properties of modified CuONPs/SPE in
contrast to unmodified printed sensors (Figure 1). For the
blank printing ink, uniform and smooth graphite flakes with
distinct layers were presented. In contrast, the emergence of
relatively uniform CuONPs, with an average length of 35 nm
bonded with carbon nanoparticles, exhibits a morphology
resembling nanoparticles with nanoscale dimensions. These
structures contribute to an augmented active surface area,
while the presence of porosity and cave-like shapes enhances
the electrode’s geometry.

Additionally, EDX analysis reveals the uniform distribution
of three main elements, such as C, O, and Cu, throughout the

https://doi.org/10.1021/acsomega.4c09110
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Figure 2. (a) Cyclic voltammograms and (b) EIS of the CuONPs/SPCEs recorded in 1.0 X 10~ mol L' K,Fe(CN),/0.1 mol L™' KCI solution.

Table 1. Characteristics of the Anodic and Cathodic Peaks and the Electroactive Surface Area for Copper Nanoparticle
Integrated Sensors Recorded in Potassium Ferricyanide Solution

electrode

SPE

CuONPs 0.5%
CuONPs 1.0%
CuONPs 2.5%
CuONPs 5.0%
CuONPs 7.5%

Ep, (V)*
0.386
0.386
0.386
0.386
0.392
0.386

Epe (V)
0314
0314
0314
0314
0314
0314

AE (V)
0.072
0.072
0.072
0.072
0.078
0.072

I, (uA)”
0.133 + 0.012
0.339 + 0.022
0.526 + 0.019
0.708 + 0.017
1.090 + 0.020
0.962 + 0.018

L (uA)
—0.123 + 0.011
—0.397 % 0.016
—0.598 + 0.02
—0.906 + 0.013
—1.130 + 0.017
—0.991 + 0.012

Loa/ Iye
1.08
0.85
0.88
0.78
0.96
0.971

electroactive surface area (cm?)

0.042 + 0.009
0.063 + 0.011
0.097 + 0.014
0.127 + 0.018
0.212 + 0.020
0.221 + 0.021

“The electrode potential was measured versus Ag/AgCl/3 M KCl as a reference

electrode. ¥SD for three tropical measurements.
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Figure 3. (a) Cyclic voltammetric determination of 4.0 g mL ™" TAP at screen-printed carbon sensors incorporated with different CuONPs ratios

and (b) peak current values recorded at different electrodes. Applied pH 5.0 and scan rate 0.044 V s

—1

printing ink formulation (Figure 1b). The atomic weight
percentages obtained from the EDX analysis indicate the
presence of 5.2% Cu, 10.28% oxygen, and 82.95% carbon,
confirming the homogeneous distribution of the nano-
composite.

Next, the electrochemical behavior of the printed sensors
incorporated with different CuONP ratios was recorded in a
ferricyanide solution (Figures 2, S1 and Table 1). The peak
current values were reported to be improved via the
incorporation of copper oxide nanoparticles. Even at a small
modifier content (0.5%), the recorded anodic and cathodic
peak current values were amplified by 2.55% compared to
those of the bare electrode. Furthermore, a gradual increase of
the peak current was reported at a higher CuONP content with
a maximum value of 5.0%, which can be explained on the basis

2900

of enhanced electroactive surface area due to the presence of
the metal oxide nanostructure within the electrode matrix.
Based on the Randles—Sevik equation described in Section
2.5, the EASA was estimated and is tabulated in Table 1.
Gradual increase in the EASA was recorded upon modification
with CuONPs with about S-fold increase at a 5.0% modifier
content compared with the blank electrode matrix.
Electrochemical impedance spectroscopy (EIS) was applied
as an efficient electroanalytical tool to demonstrate the
alteration at the electrode surface due to modification of the
electrode matrix with the CuONPs. The Nyquist plots of the
constructed sensors containing different concentrations of
copper oxide nanostructures demonstrate the high capability of
the modified sensors for following the charge across the
measuring circuit (Figure 2b). Two different regions were

https://doi.org/10.1021/acsomega.4c09110
ACS Omega 2025, 10, 2897—-2907
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Figure 4. (a) DPVs recorded for 4.0 ug mL™" TAP at different pH values. (b) Peak potential and current versus the pH value.
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Figure 5. (a) Cyclic voltammograms recorded in the presence of 2.0 ug mL™' TAP at pH 5 applying different scan rate values. (b) Peak current
against the square root of the scan rate. (c) Logarithmic value of the peak current versus the logarithmic value of the scan rate. (d) Oxidation

potential versus the logarithmic value of the scan rate.

presented: high-frequency regions (the first semicircle part),
which refer to the electron transfer process, and low-frequency
regions (linear part), which refer to the controlled diffusion
processes at the electrode surface. Generally, the small radius
of the semicircle part indicates the small resistance of the
interface layer, which improves the charge transfer at the
electrode surface.””>® Herein, the charge-transfer resistance
(R.,) values were found to be equal to 1290, 1158, 905, 725,
and 472 Q, related to different ratios of CuONPs. The
incorporation of 5.0% CuONPs indicated the lowest R, value
with excellent electrical conductivity.

3.2. Voltammetric Behavior of Tapentadol at CUONP-
Based Sensors. At graphene nanosheet integrated carbon
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paste electrodes (NG/ CPEs),*® TAP molecules recorded an
irreversible oxidation peak at about 0.92 V. Based on their
electrocatalytic activity, various metal oxide nanostructures
were recommended as electrode modifiers for advanced
analysis opportunities and enhanced sensor performance.
Enhancement of the electron transfer kinetics and shifting of
the oxidation peak potential toward the cathodic direction
were reported. Therefore, the present study was devoted to
exploring the oxidation behavior of TAP at the fabricated
CuONPs/SPEs (Figure 3). On the bare SPEs, TAP recorded a
broad irreversible anodic peak at 0.840 V. Enhancement of the
peak current with continuous shifting of the peak potential
toward the cathodic direction (by about 30 mV) upon
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modification with copper oxide nanostructure was reported.
This improvement of the electrode performance may be
explained based on the existence of Cu(IIl)/Cu(Il) transition
redox couples, which facilitates the oxidation of the TAP at the
CuONPs/SPEs surface.””

To attain the proper performance of the fabricated sensors,
different amounts of CuONPs were added to the printing ink
matrix (Figure 3b). The current values gradually increased to
reach a maximum value at 5.0% CuONPs. At higher ratios of
CuONPs, a broad oxidation peak with a higher background
current was recorded, which may be due to the high
conductivity of the formulated printing ink; therefore, 5.0%
CuONPs was the proper content.

At the optimum electrode matrix composition, the CuONPs
were replaced by other metal oxide nanostructures (Figure S2).
Copper oxide exhibited the highest electrocatalytic effect based
on the variation of band gaps and redox potentials of the tested
oxide forms.”*

3.3. Effect of pH of the Supporting Electrolyte.
Tapentadol showed two pK, values of 9.34, corresponding to
the tertiary amine group, and 10.45, related to the phenolic
group.'” Therefore, the impact of the pH of the supporting
electrolyte was tested within the pH range of 2—10 (Figure
4a). The potential values were shifted toward the cathodic
direction at higher pH values, indicating the participation of
protons in the oxidation of TAP at the electrode surface.” >’
Meanwhile, sharp and distinct differential pulse peaks were
monitored at lower pH values (2—6), the main peak became
broad, at higher pH values, and a new peak appeared at 0.747
V. Plotting the peak potential against the pH value revealed a
linear relationship with an ideal theoretical Nernstian slope
value, demonstrating the transfer of an equal number of
protons/electrons in the electrode reaction [E(y) = 1.052—
0.058 + 0.001, [pH], r = —0.9981, Figure 4b]. Among the
different tested pH values, pH 5 was selected as the proper pH
with the highest peak current.

3.4. Electrochemical Behavior of Tapentadol at
Different Scan Rates. Studying the electrochemical behavior
at different scan rates explains the electrode reaction
mechanism and estimates the number of electrons trans-
ferred.>> " Within the studied can rate value, TAP exhibited a
single oxidation peak (Figure Sa). The peak current was
improved at higher scan rate values, while the peak potential
was shifted from 0.806 V at a scan rate of 0.02 V s~ to about
0.877 V at 020 V s™'. The current values were linearly
correlated (r = 0.9959, Figure Sb) against the square root of
the scan rate, sustaining the irreversibility of the electrode
reaction.

Figure Sc illustrates the linear relationship between the
logarithmic values of the peak current against the logarithmic
values of the scan rate [logI(,s) = 0.8949 + 0.7865 + 0.005
[log (v)], r = 0.9998]. The slope value suggested an
adsorption-controlled mechanism for TAP at the CuONPs/
SPEs,”*” which disagrees with that reported for TAP at the
graphene-based carbon paste electrode.™

The oxidation potential of TAP was shifted to a more
positive value following a linear dependence on the applied
scan rate (v) value [E(y) = 0.8990 + 0.0549 + 0.0016 log (v), r
= 0.9966, Figure 5d]. Following the Laviron equation for
irreversible electrode reactions,®® the number of electrons can
be estimated as follows
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where E,. is the peak potential, E° is the standard redox
potential, R is the universal gas constant, T is the temperature,
a is the transfer coefficient, n is the number of electrons
transferred, F is the Faraday constant, k° is the standard rate
constant, and v is the scan rate.

Based on the slope value of the E, versus log v, an can be
estimated to be 1.0769, where the value of a can be calculated
according to the following formula

47.7

Ey

~Eip (3)
E,;, (mV) indicated the peak potential at which the peak
current is half its maximum (Figure S3). The value of a was
found to equal 0.5360, assuming the participation of two
electrons during the oxidation of the TAP at the electrode
surface. The apparent heterogeneous electron transfer rate
constant (k,) was calculated (k, = anFv/RT) and found to
equal 2.08 x 107*s1.*

Alternately, the Tafel plot region equation can be applied to
calculate the number of electrons participating according to ref
59

n = a + blog(i) (4)

where 77 is the overpotential, a is the Tafel constant (intercept),
b is the Tafel slope, and i is the current density.

As illustrated in Figure S4, the peak potential (V) showed a
linear relationship against the logarithmic value of the peak
current [Ey) = 1.5878 + 0.1347 logI(uA); r* = 0.9984]. The
Tafel slope [2.303RT/[(1 — @) anF]] postulated the value of
a = 0.690, which approximately agreed with that estimated
based on the Laviron equation.

The influence of the deposition potential and time on the
peak current was studied (Figure S5). The recorded peak
current increased against the deposition potential with a
maximum value at 0.1 V. No noticeable enhancement was
achieved at a more positive deposition potential. Applying a
deposition potential value of 0.1 V, the accumulation time
varied from 0 to 200 s, and the accumulation for 100 s was the
most proper.

It is noteworthy to mention that the experimental design
approach would have been better than a one-factor-at-a-time
one in the present study and will be included in the future
investigations.

The reported results concerning the voltammetric behavior
of TAP at different pH values and scan rate values with the aid
of molecular orbital calculations (MOCs) were integrated to
elucidate a primary oxidation mechanism for TAP at the
CuONPs/SPE surface.”” MOC is presented in Figure S6 and
Table S1, suggesting that the highest electron density at
nitrogen atom of the tertiary amine group (N7) with
unlocalized lone pairs of electrons possesses more basic nature
compared to the oxygen atom at position 13 (Scheme 1). This
proposed oxidation mechanism of the TAP molecule aligns
with that reported at NG/CPE.*

3.5. Validation of the CuONPs/SPEs. The electro-
analytical performance of the newly tapentadol sensors based
on copper oxide nanoparticles was validated under the selected
optimal electroanalytical conditions.’” The supporting electro-
lyte at pH S was spiked with selected increments of the
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Scheme 1. Tentative Electrochemical Oxidation Mechanism
of Tapentadol at CuONPs/SPCEs at pH $

-2¢” -2H"

E=0.765V pH=5.0

standard TAP solution, and the DPVs were recorded at the
optimized electroanalytical parameters (Figure 6). The

P 1.0 = -
< (=06, “ 738 ngmL"'
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Figure 6. Differential pulse voltammetric determination of tapentadol
at CuONPs/SPEs recorded at pH § and a scan rate of 0.044 V s7L

constructed calibration graphs showed a high linearity
coeflicient (r* = 0.9995) within the TAP concentration ranging
from 0.83 to 738 ng mL™"' (Table 2). Based on the linearity
parameters, the limit of quantification (LOQ) and limit of
detection (LOD) values were 0.80 and 0.24 ng mL7’,
respectively.

To evaluate the measurement reproducibility of the
CuONPs/SPCEs, successive DPVs were recorded at the
same electrode surface; after each cycle, the electrode surface

Table 2. Validation and Electroanalytical Performance of
Tapentadol CuONPs/SPEs

parameters value”
peak potential 0.765 V
pH value S
concentration range (ng mL™") 0.83—738
slope (uA mL™! ng™") 0.0010
SDyiope (A mL™" ng™") 0.0009
intercept (uA cm™) 0.0022
SDipercept (MA cm™) 0.0021
R 0.9995
RSD % 1.53
LOQ (ng mL™") 0.80
LOD (ng mL™") 0.24

“Average of five experiments.
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was washed with water (Figure S7). The recorded peak current
showed high reproducibility with a low RSD value (1.53%).
One of the most promising futures of screen printing
technology is the mass production of simple planar
configuration disposable sensors with the maintenance of
high fabrication reproducibility. Herein, the reproducibility of
manual screen printing of electrodes was evaluated by testing
10 printed sensors within the same batch for differential pulse
voltammetric measurement of a 500 ng mL™' tapentadol
solution (three replicates for each electrode). The estimated
RSD value was 3.75%, indicating the high fabrication
reproducibility of the printed sensors.

The solid nature and the absence of the pasting liquid of the
fabricated sensors prolonged their shelf lifetime when stored at
4 °C. In this study, the sensor performance was tested
periodically at the storage period of 6 months (Figure S8).
Reproducible voltammetric peaks were recorded during the
first three months (96.34 + 1.8% of the initial peak current for
the freshly printed sensor was recorded after 3 months). Later,
the peak height was diminished to 94.69 + 2.2% of the original
value after 4 months and decreased to 86.04 + 2.8% after 6
months of storage.

Compared with the NG/CPEs TAP voltammetric sensor,30
the CuONPs/SPCEs showed improved sensitivity covering a
wide TAP concentration range with a lower LOD value (Table
S2). In addition, the high manufacturing reproducibility and
possibility of miniaturization with a prolonged shelf lifetime
represent the main advantage of the presented sensors.

3.6. Selectivity of the Sensor. Impurities degradation
profiling of the pharmaceutically active compound that present
in the final marketed pharmaceutical product and dealing with
the quantifying and studying the residual manufacturing
impurities and the possible degradation products that formed
during storage of the final pharmaceutical formulations.
Identification and detection of such contaminants and
degradation products represent a crucial consideration in the
pharmaceutical industry. Thus, the developed analytical
approaches must be able to detect the parent pharmaceutically
active compounds in the presence of various impurities and
degradants to ensure the safety of the marketed pharmaceutical
product.*”%

Degradation and stability studies are crucial issues for the
approval of a new pharmaceutical product to ensure quality,
efficacy, and safety during its shelf life.”~**** In this study,
TAP showed intrinsic stability under acidic, basic, or neutral
hydrolysis conditions. Exposure of a solid TAP sample to
thermal or photolytic conditions showed negligible degrada-
tion percentages.'”*’ Under oxidative conditions, two
degradation products were produced through the oxidation
of the tertiary amine group forming N-oxide-TAP and
oxidation of the carbon atom (C3) within the TAP moiety.49’66
Regarding the voltammetric behavior of the degraded form,
none of the two degradation products showed oxidation peaks
due to the involvement of the unlocalized lone pairs of
electrons of the nitrogen atom forming N-oxide oxide—TAP.
The presented results indicate the absence of interference of
the two TAP degradation products; therefore, the fabricated
sensor can be introduced as a stability-indicating method for
monitoring TAP in pharmaceutical formulations.

Moreover, the impact of different excipients or additives that
may be present in the final formulation was tested by recording
the DPVs for 500 ng mL™' TAP in the presence of these
interferents. High tolerance limits were recorded in the
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Figure 7. Differential pulse voltammetric determination of TAP in spiked biological samples using CuONPs/SPEs at pH 5.0. TAP (300 ng mL™").

presence of a 100-fold of the interferents. For pain treatment,
tapentadol is usually co-formulated or administrated with
paracetamol (PC). Some previous studies were carried out for
simultaneous determination of TAP and PC by applying
spectrophotometric and chromatographic approaches.””*"*
Therefore, this study investigated the possibility of simulta-
neous calibration of both PC and TAP on CuONPs/SPEs
(Figure S9). Two separate and distinct oxidation peaks were
recorded at 0.450 and 0.770 V, allowing simultaneous
determination of both compounds. Within the PC concen-
tration ranged from 20 to 500 ng mL™}, the linear regression
equation was I, = 0.9720 + 0.0091 PC [ng mL™'] (r =
0.99577). In addition, TAP showed a good linear coefficient (r
= 0.9994) within the concentration range from S0 to 700 ng
mL™" (I(,a) = 0.094S + 0.00098 TAP [ng mL™']).
Electrochemical interactions between TAP, uric acid (UA),
and ascorbic acid (AA) represent a challenge due to their
coexistence in biological samples. The interference of AA with
TAP detection arises from two main factors: the close
oxidation potentials of AA and TAP (0.400 and 0.780 V,
respectively) and the electrocatalytic oxidation of TAP by AA.
At the fabricated CuONPs/SPE in BR buffer (pH = §), various
interactions affect the oxidation of AA and TAP takes place.
The voltammetric response of ascorbate anions at the
electrode surface suggests electrostatic interactions between
ascorbate anions and cationic-fixed sites at the electrode
surface. Meanwhile, the positively charged amino group of the
TAP moiety at pH = 5.0 experiences electrostatic repulsion
from the electrode surface in the BR buffer solution, resulting
in slow catalytic effects toward TAP molecules. Surprisingly, in
our study, copper oxide nanoparticles did not hinder the
electrochemical oxidation of TAP, yielding a relatively higher
current signal. This unexpected outcome can be explained
based on the compensatory effect of hydrophobic interaction
between the aromatic part of TAP and the electrode surface. It
is plausible that the aromatic portion of TAP engaged in
hydrophobic interaction with the electrode surface while its
cationic part protruded outward. This unique behavior sheds
light on the intricate interplay between TAP and the electrode
surface, contributing to our understanding of electrochemical
processes involving complex organic molecules. It can be
concluded that the simultaneous measuring of TAP, AA, and
UA can be performed using the fabricated CuONPs/SPE
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(Figure S10) if PC is not present in the biological fluids under
analysis.

3.7. Dissolution Studies. Absorption of the pharmaceuti-
cally active ingredient after oral administration represents an
important consideration to confirm the pharmacokinetics
behavior of the drug and the release of the pharmaceutically
active component from the drug formulations. Moreover, the
in-dissolution studies are usually relevant to predict the in vivo
bioavailability of the drug product and help in suggesting a new
formulation with a faster or slower release rate according to the
use of the pharmaceutical product, which ensures product
optimization as well as continuing product quality and
performance of the manufacturing process.

For testing the dissolution profile of TAP in its commercial
form (Supratadol tablet), the released amount of TAP in the
dissolution medium was monitored spectrophotometrically at
280 nm according to the presented voltammetric sensor.
Results illustrated in Figure S11 indicate approximate recovery
values obtained by UV and voltammetric approaches (+2.0%).
As a result, TAP showed a rapid release rate (about 70% was
released within 30 min), and more than 90% was achieved
within 50 min. Thus, the developed sensor can be suggested
for monitoring the dissolution of the tapentadol pharmaceut-
ical formulation.

3.8. Analysis of the Sample. The fabricated CuONPs/
SPE showed high selectivity and sensitivity toward tapentadol;
therefore, they can be applied for the determination of TAP in
marketed pharmaceutical products and biological samples
(Figure 7). The recorded data indicated high recovery with low
standard deviation values; therefore, the CuONPs/SPEs can be
encouraged for quality control of tapentadol in its
pharmaceutical tablets and biological samples (Tables S3 and
S4).

4. CONCLUSIONS

Fabrication and characterization of a planar disposable carbon
sensor modified with copper oxide nanoparticles were
described for the selective and sensitive voltammetric
determination of tapentadol in pharmaceutical and biological
samples. Enrichment of the printing ink matrix with copper
oxide nanoparticles improved the sensor performance based on
its electrochemical activity toward the oxidation of TAP at pH
S with an adsorption-controlled mechanism. The constructed
sensors showed high measurement and fabrication reproduci-
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bility with a prolonged shelf lifetime of up to 6 months. The
introduced analytical approach can be suggested as a stability-
indicating method free from the interference of TAP
degradation products. The CuONPs/SPEs voltammetric
sensor can be considered a reliable analytical approach for
sensitive quantification of tapentadol as well as monitoring the
in vitro dissolution profile of the pharmaceutical formulation.
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Peak current for anodic and cathodic peaks of the
recorded cyclic voltammograms and electroactive surface
area of the fabricated sensors. The measuring solution
contained 1.0 X 107 mol L™! K,Fe(CN),/0.1 mol L™
KCl (Figure S1). Cyclic voltammograms recorded for
screen-printed carbon sensors incorporated with differ-
ent metal oxide nanostructures. Measuring conditions.
TAP content 4.0 ug mL™", applied pH 5.0, and scan rate
0.044 V™' (Figure S2). Estimation of the E, and E, /, of
the TAP according to the EC-Lab V10.40 software
(Figure S3). Tafel region plot for oxidation of 2.0 ug
mL™" tapentadol (pH S) at the CuONPs/SPCEs. Inset:
related linear sweep voltammogram at a scan rate of 20
mV S~ (Figure S4). Peak heights of the recorded DPV
for 1.0 ug mL™" tapentadol at applying different (a)
deposition potential values and (b) depositions times
(Figure SS). Chemical formula of tapentadol molecule
(Figure S6). Successive DPVs were recorded for 500 ng
mL™" tapentadol at pH S applying the same CuONPs/
SPEs surface (Figure S7). Differential pulse voltammo-
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after different shelf lifetime intervals (Figure S8).
Simultaneous differential pulse voltammetric determi-
nation of PC and TAP using the CuONPs/SPEs at pH
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SPEs at pH 5.0 (Figure S10). Dissolution studies of
tapentadol pharmaceutical formulation (Figure S11).
Computed molecular orbital calculations of tapentadol
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