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Abstract: This study describes the use of electrochemical sensors to detect and quantify several statins
(rosuvastatin and simvastatin) in pharmaceutical products. Two types of commercially screen-printed
sensors were used and compared: one based on carbon (SPCE) and the other modified with gold
nanoparticles and multi-walled carbon nanotubes (SPE/GNP-MWCNT). Cyclic voltammetry was
employed for determination. The AuNP-MWCNTs/SPCE sensor outperformed the SPCE sensor,
displaying excellent electrochemical properties. It demonstrated high sensitivity with low limits of
detection (LOD) and quantification (LOQ) values: 0.15 µM and 5.03 µM, respectively, for rosuvastatin
and 0.30 µM and 1.01 µM, respectively, for simvastatin. The sensor had a wide linear range of
20–275 µM for rosuvastatin and 50–350 µM for simvastatin. Using the AuNP-MWCNTs/SPCE sensor,
rosuvastatin and simvastatin were successfully quantified in pharmaceutical products. The results
were validated towards producer-reported values (standardized drugs) and a conventional analysis
method (FTIR). The sensor exhibited excellent stability, reproducibility, and analytical recovery
ranging from 99.3% to 106.6% with a low relative standard deviation (RSD) of less than 1%. In
conclusion, the AuNP-MWCNTs/SPCE sensor proved to be a reliable and sensitive tool for detecting
and quantifying statins in pharmaceutical products. Its superior electrochemical properties, low LOD
and LOQ values, wide linear range, and high analytical recovery make it a promising choice for
pharmaceutical quality control.

Keywords: rosuvastatin; simvastatin; cyclic voltammetry; pharmaceuticals; gold nanoparticles

1. Introduction

Pharmaceutical products based on statins are known for lowering blood cholesterol
levels, but they also play a role in preventing cardiovascular diseases. These drugs are
found in pharmaceutical products only in the standardized form containing pharmaceutical
active compounds such as simvastatin, rosuvastatin, etc. [1].

Statins are the class of drugs widely used for the competitive inhibition of 3-hydroxy-
3-methylglutaryl coenzyme A reductase (HMG-CoA reductase). HMG-CoA is the enzyme
that catalyzes the limiting step in cholesterol biosynthesis. By inhibiting HMG-CoA reduc-
tase, statins reduce cholesterol synthesis by lowering serum low-density lipoprotein levels,
particularly in patients with fasting triglycerides below 500 mg/dL [2]. Furthermore, the
anti-inflammatory, antithrombotic, and endothelial effects significantly reduce mortality
from cardiovascular diseases. In addition, a decrease in cholesterol concentration in the
liver leads to activating the liver’s low-density lipoprotein (LDL) receptors that remove
LDL precursors and LDL from the bloodstream. At the same time, statins inhibit the
hepatic synthesis of apolipoprotein B100 and decrease the production and secretion of
triglyceride-rich lipoproteins [3].
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Simvastatin (SV) is an inactive lactone (without biological activity) that, after oral
administration, is hydrolyzed in vivo to the corresponding β, δ-dihydroxyl acid (sim-
vastatin acid, SVA) [4]. The latter is a strong inhibitor of HMG-CoA and can effectively
reduce the plasma’s low-density lipoprotein (LDL) level [5]. SV hydrolysis is schematically
represented in Figure 1.
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Figure 1. Hydrolysis reaction in aqueous solutions of simvastatin (adapted from [6]).

Simvastatin is a statin derived from fungal fermentation and is often used to treat
hypercholesterolemia [7]. However, due to in vivo hydrolysis and other statins with similar
structures’ presence, the concentration of SV in human plasma is deficient.

Rosuvastatin (RV), another essential statin, is derived from hept-6-enoic acid [8].
Rosuvastatin is a dihydroxy monocarboxylic acid, namely (6E)-7-{4-(4-fluorophenyl)-2-
[methyl methylsulfonyl)amino]-6-(propan-2-yl)pyrimidin-5-yl}hept-6-enoic acid having
two hydroxy substituents at positions 3 and 5 (3R, 5S diastereomer) (Figure 2).
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Figure 2. Chemical structure of rosuvastatin.

Considering the frequent use and variety of pharmaceutical products containing
statins and other substances with therapeutic activities, such as acetylsalicylic acid, ramipril,
enalapril, metoprolol, amlodipine, hydrochlorothiazide, atenolol, ezetimibe, etc., their
quality control would not be possible without reliable analytics methods. Therefore, it is
necessary to quantify the biologically active compounds in these pharmaceutical products
via fast and accurate methods [9,10].

The analysis of the publications on analytical methods of identifying and quantifying
statins shows that chromatographic and optical methods constitute a significant share.

Chromatographic methods are sensitive, with detection limits of 0.01–1 ng/mL. This
makes it possible to monitor the therapeutic plasma level of statins and their metabolites
in pharmacokinetic studies to determine the content of statins in pharmaceutical formu-
lations [11,12]. Moreover, spectroscopic methods are suitable for the analysis of statins.
However, if the sample to be analyzed is more complex, it requires pretreatment and
separation of the main component before analysis [13,14]. However, despite the advantages
of these instrumental methods, in recent years, research has focused on applying electro-
chemical methods for the determination of statins in both pharmaceuticals and biological
fluids [15–18]. Electrochemical methods are preferred precisely due to advantages such as
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rapid detection, straightforward procedures, cost-effectiveness, ease of integration, and
especially the feasibility for the utilized instruments to be small-sized and portable [19].

The most frequently used voltammetric methods were cyclic voltammetry (CV), square
wave voltammetry (SWV), and differential pulse voltammetry (DPV) [18,20,21]. This is
unsurprising, as they offer high sensitivity, accuracy, and linearity. Moreover, they are quite
convenient for the analysis of complex samples, as they allow for the determination of
the target analyte without being separated from other compounds, provided they are not
reduced or oxidized at the same potential. In addition, colored compounds or excipients do
not interfere with the determination of the investigated component, which brings a strong
advantage to electrochemical methods compared to optical ones [11,22–25].

Previous studies have addressed the use of modified electrochemical sensors for the
individual determination of either rosuvastatin or simvastatin in pharmaceutical products
or biological samples. For instance, various materials and methods have been used for
constructing the sensors for statin detection. The sensors used were based on glassy
carbon electrodes [26,27], boron-doped diamond electrodes (BDDs) [28], Ni/NiWN (nickel
wrinkled nanostructure) electrodes [29], and carbon paste electrodes modified with multi-
walled carbon nanotubes (MWCNTs) [30]. These nanostructured materials offer excellent
properties such as large surface area and conductivity, contributing to increased sensitivity
and performance of the electrochemical sensors. Differential pulse voltammetry (DPV) was
mostly employed to evaluate the performance characteristics of the sensors. The sensors
have limits of detection for statins in the micromolar range. However, the development
of sensors based on other materials and technology, such as screen-printed technology, is
necessary in order to increase sensitivity and reduce costs.

To the best of our knowledge, the utilization of gold nanoparticle-modified sensors for
the determination of rosuvastatin or simvastatin in pharmaceutical products has not been
reported on. Therefore, the distinct contribution of this study lies in the electrochemical
evaluation of both statins using two different commercially modified screen-printed sensors,
one based on carbon and the other based on carbon with nanotubes and gold nanoparticles.
Carbon nanotubes have excellent chemical stability, critical mechanical quality, large surface
area, and superior electrical conductivity [31]. On the other hand, gold nanoparticles
(AuNP) have particular attributes, such as high conductivity, catalytic properties, and
low toxicity, useful in building modified electrodes [32]. This innovative approach allows
for a comprehensive analysis and precise determination of both compounds in the same
pharmaceutical sample.

This study aims to evaluate the electrochemical behavior of two screen-printed sensors,
one based on carbon (SPCE) and another based on carbon modified with carbon nanotubes
and gold nanoparticles (AuNP-MWCNTs/SPCE), for the determination and the quantity of
rosuvastatin and simvastatin in pharmaceutical products. The preliminary electrochemical
analyses and those applied for the quantification of statins were carried out using cyclic
voltammetry. The quantitative results obtained using the electrochemical method will be
compared with those obtained with the FTIR method.

2. Materials and Methods
2.1. Reagents

To characterize the electrochemical behavior of the two sensors, potassium ferro-
cyanide, potassium ferricyanide, 0.1 M potassium chloride, and 10−3 M catechol solutions
were used, the compounds being of analytical purity, purchased from Sigma-Aldrich (St.
Louis, MO, USA). All solutions were prepared with MilliQwater ultrapure water (resistivity
18.2 MΩ·cm) obtained from a Milli-Q Simplicity® water purification system (Merck KGaA,
Darmstadt, Germany). Pharmaceutical products purchased from pharmacies were used for
rosuvastatin and simvastatin quantification studies. Analytical grade potassium bromide
(Sigma-Aldrich, St. Louis, MO, USA) was used for FTIR analysis.
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2.2. Electrochemical Measurements

For the electrochemical analyses, two screen-printed electrodes were used, one based
on carbon (SPCE) (code C110) and the other based on carbon nanotubes and gold nanoparti-
cles (AuNP-MWCNTs/SPCE) (code 110CNT-GNP) purchased from Dropsens Ltd. (Llanera,
Spain). In both cases, the diameter of the working electrode was 4 mm, and therefore the
geometric area of the working electrode was 0.125 cm2.

The presence of gold nanoparticles on the surface of the modified sensor was high-
lighted via electrochemical impedance spectroscopy (EIS). EIS is an electrochemical tech-
nique that provides information about the properties of the interfaces related to the detec-
tion process that takes place on the active surface of the electrode [33] but also about the
catalytic capacity of the modifying nanomaterial. EIS measurements were performed using
an SP 150 potentiostat/galvanostat controlled via EC-Lab Express software. The volume of
the electrochemical cell was 50 mL with three electrodes (Ag/AgCl reference electrode, Pt
auxiliary electrode, and working electrode).

The electrochemical method used for sensor characterization and electroanalysis
of statins was cyclic voltammetry, using an EG&G potentiostat/galvanostat (Princeton
Applied Research, Oak Ridge, TN, USA) connected to a computer with ECHEM soft-
ware installed. The electrode system comprised the working electrode (SPCE or AuNP-
MWCNTs/SPCE), the reference electrode, the silver electrode/silver chloride, and the
counter-electrode, a platinum wire.

The cyclic voltammograms were recorded at a scanning rate of 0.1 V/s, in the potential
range between −0.4 and +1.2 V. For the kinetics study, several scanning rates between
0.1 V/s and 1.0 V/s were used, increasing each time by 0.1 V/s. Signal stabilization was
achieved by recording seven successive cycles with a scanning rate of 0.1 V/s. The working
electrodes were not subjected to any additional pretreatment steps.

2.3. Spectrometric Measurements

To validate the electrochemical results, FTIR spectra were recorded using a Bruker
ALPHA FT-IR spectrometer (BrukerOptik GmbH, Ettlingen, Germany) connected to OPUS
software (BrukekrOptik GmbH, Ettlingen, Germany). FTIR spectra were recorded in
attenuated total reflectance (ATR) mode, in the range of 4000–500 cm−1 (32 scans, resolution
4 cm−1), against air (background). The ATR ZnSe crystal was cleaned with ultrapure water
and isopropanol between measurements.

2.4. Pharmaceutical Samples and Preparation of Solutions to Be Analyzed

The pharmaceutical products selected for the analysis are prescription drugs available
in the pharmacy, with the active compound rosuvastatin 20 mg (trade name Crestor 20 mg)
and simvastatin 20 mg (trade name Simvacard 20 mg).

Crestor 20 mg is a film-coated tablet and contains rosuvastatin 20 mg as rosuvastatin
calcium 20.80 mg/tablet. The other components are lactose monohydrate, microcrystalline
cellulose, calcium phosphate, Crospovidone, magnesium stearate, film-lactose monohy-
drate, hypromellose, glycerol triacetate, titanium dioxide (E 171), and red iron oxide (E 172).

Zentiva produces Simvacard (20 mg) in oval, biconvex, white film-coated tablets with
a median line on both sides, marked with “SVT 20” on one side. The active substance
is simvastatin, and the other components are (a) the tablet core, consisting of anhydrous
lactose, pregelatinized starch, talc, microcrystalline cellulose, butylhydroxyanisole, magne-
sium stearate and (b) the tablet film, consisting of hydroxypropyl cellulose, hypromellose,
titanium dioxide (E171), talc.

To prepare the stock solution, three tablets of each product were triturated and dis-
solved in ultrapure water one at a time. Before trituration, the film on the tablet surface
was removed by rinsing with ultrapure water. The suspensions were subjected to ul-
trasonication, then filtered through filter paper, and the supernatant was collected. The
residue left on the filter paper was removed. The filtered solution was dried in an oven at
105 ◦C for one hour. The powder obtained after drying was analyzed via the FTIR method.
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Because the statin was extracted from the pharmaceutical forms, the purification of the
active compound was ensured. Later, stock solutions were prepared in a concentration
of 30 µM by dissolving the powder in a mixture of 0.1 M KCl solution and 10−2 M HCl
aqueous solution (pH 2) in the case of rosuvastatin and 0.1 M KCl solution in the case of
simvastatin. For homogeneity and clarity, the solutions were ultrasonicated again with
the help of the Elma S10H Elmasonic device. The same procedure was applied to prepare
samples of pharmaceutical products to quantify statins, with the difference that a single
tablet was triturated and dissolved for each solution. All pharmaceutical samples were
analyzed in triplicate.

3. Results and Discussion
3.1. Characterization of the Active Surface of the Sensors

In the first stage of the study, the two sensors were analyzed via electrochemical
impedance spectroscopy (EIS). Using this technique, the processes of charge transfer, mass
transfer, and diffusion could be explored, providing information on the properties of
nanomaterials, such as conductance or resistance to electron transfer. The three electrodes
were connected to perform the EIS analysis, and a potential of 10 mV was applied in the
frequency range 1 Hz–100 kHz, producing a Nyquist diagram. This diagram provides
data on solution-produced resistance (Rs), charge transfer resistance (Rct), and Warburg
impedance (W) [24]. The diameter of the semicircle obtained in the impedance spectrum is
equal to the charge transfer resistance (Rct). Rct is related to the charge transfer kinetics of
the redox probe at the electrode interface [34].

The two sensors were immersed one after the other in an electrolyte consisting of
K3[Fe(CN)6]/K4[Fe(CN)6] 5·10−4 M/5·10−4 M − KCl 0.1 M, and the electrochemical pro-
cess was transposed in the form of a Randles equivalent circuit that simply presents the
solution resistance (Rs), the charge transfer resistance (Rct), the double layer capacitance at
the electrode surface (CdI), and the Warburg resistance (Zw) [35]. As shown in Figure S1, the
Nyquist diagrams obtained in this study appear to be a semicircle specific to the Randles
circuit. Furthermore, since there is a diffusion process of molecules on the sensors’ surface,
the diagrams print an additional resistance called Warburg impedance, represented by a
slope that appears to the right of the semicircle [33].

The Rct value was 54,304.4 Ω for the SPCE electrode, and the AuNP-MWCNTs/SPCE
recorded a considerably lower Rct value, 25,555.3 Ω.

The difference in the value of Rct between the two sensors suggests that AuNP-
MWCNTS/SPCE possesses better electrocatalytic activity, mainly due to the synergy be-
tween the properties of gold nanoparticles and those of carbon nanotubes. This electro-
chemical behavior follows the specifications in the literature [34,36].

3.2. Characterization of the Electrochemical Behavior of Sensors in Catechol Solution

In this section, the electrochemical behavior of the two electrodes, SPCE and AuNP-
MWCNTs/SPCE, in a solution of catechol 10−3 M − KCl 0.1 M was evaluated using cyclic
voltammetry. The signal recordings were made in a potential range of −0.4 V and +1.2 V at
a scanning rate of 0.1 V/s (Figure S2).

As shown in Figure S2, the oxidation-reduction process of catechol on the sensor’s
surface is noticeable in both cases. Furthermore, both stable and quasi-reversible peaks
are well highlighted in both cases, with very low background noise. The most important
experimentally obtained electrochemical parameters and the characteristics of the two
sensors are presented in Table S1.

The values of the parameters from Table S1 confirm the superior electrochemical
behavior of the sensor modified with carbon nanotubes and gold particles compared to
the one based on carbon. The lower values of ∆E and E1/2 show better reversibility of
AuNP-MWCNTs/SPCE. Additionally, in the case of AuNP-MWCNTs/SPCE, the current
intensities are higher, and the peaks have a well-defined appearance. However, both
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sensors show stability and efficient sensitivity, and the quasi-reversible redox process of
catechol is well highlighted, in accordance with the reporting of other studies [37].

By recording the cyclic voltammograms at different scanning rates (0.1–1.0 V/s), the
determining stage of the electrochemical process is established, and the active area of the
sensors will be calculated. Since, in both cases, the anodic peak presents a higher current
intensity, this will be taken into account for establishing the linear regression.

The recorded cyclic voltammograms show that the intensity of catechol oxidation
currents increases proportionally both with the scanning rate and with the square root of the
scanning rate. However, performing the linear regressions for both situations, it is observed
that there is better linearity between the current of the anodic peak (Ipa) and the square root
of the scanning rate in the case of both sensors, as seen in Figure S3. The determination
of the active area of the electrodes was based on the number of electrons involved in the
redox process of catechol, which is known to be a two-electron transfer process.

Therefore, the electrochemical process at the electrode level work is predominantly
controlled by catechol diffusion, as specified in previous papers.

The linear dependences between Ipa and v1/2 and the application of the Randles–Sevcik

equation (Ipa = 268, 600 × n
3
2 × A × D

1
2 × Cv

1
2 .) [38,39] were used to calculate the active

area of the electrodes.
This is considered the diffusion coefficient of catechol, D = 8.5 × 10−6 cm2 × s−1 [40].
Table S2 shows the values obtained for the active surface area and the roughness factor

of the two working electrodes.
AuNP-MWCNTs/SPCE has an active surface area approximately six times larger

(0.7791 cm2) and SPCE about five times larger than their geometric area (0.6675 cm2). Fur-
thermore, AuNP-MWCNTs/SPCE has a noticeably higher sensitivity due to the presence
of carbon nanotubes and gold nanoparticles. Due to the synergy between the two nano-
materials, the electrical and mechanical properties improve considerably, favoring a rapid
electron transfer [41–43]. The subsequent results can be better than in the case of SPCE.

3.3. Study of the Electrochemical Behavior of the Sensors in Rosuvastatin and
Simvastatin Solutions

Next, the redox behavior of rosuvastatin was analyzed using the two working elec-
trodes. pH optimization was carried out in the range of 2.0 to 6.0 for rosuvastatin and 5.0
to 9.0 for simvastatin. In the case of rosuvastatin, it was observed that the current intensity
decreases with increasing pH, while for simvastatin, the highest and well-defined current
was obtained at pH = 7.0 (Figures 3 and S4). These results are consistent with previously
published studies [44,45].
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Figure 4 shows the cyclic voltammograms of SPCE and AuNP-MWCNTs/SPCE in
support electrolyte solution (0.1 M KCl −10−2 M HCl) vs. a 30 µM rosuvastatin solution.
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solution (electrolyte support 0.1 M KCl −10−2 M HCl, pH = 2.0) (SPCE−red line and AuNP-
MWCNTs/SPCE−black line). Scan rate 0.1 V/s.

As can be seen, an oxidation process was triggered at 0.58 V for SPCE and 0.65 V for
AuNP-MWCNTs/SPCE during anodic scanning. According to other previous studies, the
oxidation process of rosuvastatin is irreversible [16,45]. In this reaction, the protonated
carboxyl group loses a proton and an electron in an irreversible oxidation reaction, forming
an unstable carboxylic radical species. Due to this instability, the carboxyl radical quickly
loses CO2, resulting in a carbocation. The carbocation undergoes a coupling reaction to
produce a dimer. The proposed scheme for the oxidation reaction of rosuvastatin is shown
in Figure 5.
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The same sensors were also used to study the redox behavior of simvastatin in a
solution with the same concentration of 30 µM. Figure 6 shows the oxidation of simvastatin
in the case of the modified sensor. The lack of oxidation peak when using SPCE could be
explained by the reduced concentration of statin in the solution to be analyzed. Additionally,
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the higher capacitive current observed with the SPCE sensor could contribute to the lack
of an oxidation peak as it may overshadow the oxidation peak of simvastatin, making it
difficult to detect.
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(SPCE−green line and AuNP-MWCNTs/SPCE−blue line) and in 30 µM simvastatin solution (elec-
trolyte support 0.1 M KCl, pH = 7.0) (SPCE−red line and AuNP-MWCNTs/SPCE−black line). Scan
rate 0.1 V/s.

It is important to note that the absence of an oxidation peak for simvastatin with the
SPCE sensor in this specific experimental setup does not necessarily imply the complete
absence of simvastatin oxidation.

When the AuNP-MWCNTs/SPCE is immersed in the simvastatin solution, one oxi-
dation peak is observed at +1.1 V with Ia = 17.75 µA. An irreversible process can also be
noted in the case of simvastatin involving the transfer of two protons and two electrons
(Figure 6). The chemical structure of simvastatin contains a β-hydroxy-lactone ring, which
undergoes a ring-opening process during the electrochemical oxidation [46] (Figure 7).
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Figure 7. The electrochemical oxidation mechanism proposed in the case of simvastatin (adapted
from [46]).

By observing the aspect of the voltammograms recorded with the two electrodes in
the statin solutions, it can be stated that these two compounds have similar electrochem-
ical behavior, namely an irreversible oxidation process. Therefore, the differences in the
intensity of the peaks, respectively, and the shift of the peaks’ potentials are related to the
different processes taking place at the active surface of screen-printed electrode (carbon
nanotubes and gold nanoparticles).
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3.4. Influence of Scan Rate on Sensor Responses

The influence of the scanning rate was studied in the case of rosuvastatin, using both
SPCE and AuNP-MWCNTs/SPCE sensors.

The scan rates varied between 0.1 and 1.0 V/s, changing the scan rate gradually with
each recording by 0.1 V/s. As the scanning rate increased, the anodic current increased in
intensity, as can be seen in Figure 8.
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Figure 8. Cyclic voltammograms recorded with (a) SPCE and (b) AuNP-MWCNTs/SPCE sensors
immersed in 30 µM rosuvastatin solution (support electrolyte solution 0.1 M KCl −10−2 M HCl) at
scan rates between 0.1 V/s and 1.0 V/s (represented by different colors of the curves).

Evaluating the linear dependence of the anodic current towards the scanning rate
but also towards the square root of the scale rate, it is established that the process is
predominantly controlled by the adsorption of the chemical species on the surface of the
sensor, for both statins, with each sensor. As noted in Table 1, the slope values in the case
of the linear dependence between the logarithm of the anodic current intensity (I) and
the logarithm of the scan rate (v) indicate a slight deviation from the theoretical value
of 0.5 [47].

Table 1. Equations of linear dependencies and coefficients of determination obtained when using
SPCE and MWCNT/SPCE in solutions containing rosuvastatin and simvastatin, respectively. Scan
rates between 0.1 V/s and 1.0 V/s

Sensor I vs. v R2 log (I vs. v) R2

Rosuvastin

SPCE I(µA) = 96.099v(V/s) + 4.0549 0.9946 log I(µA) = 0.9312 log v(V/s) + 1.8259 0.967
AuNP-MWCNTs/SPCE I(µA) = 218.11v(V/s) + 9.0463 0.9954 log I(µA) = 0.8871 log v(V/s) + 2.066 0.977

Simvastatin
SPCE I(µA) = 76.199v(V/s) + 2.0539 0.9955 log I(µA) = 0.4512 log v(V/s)+ 1.0524 0.968

AuNP-MWCNTs/SPCE I(µA) = 208.17v(V/s) + 8.0253 0.9962 log I(µA) = 0.7861 log v(V/s) + 2.125 0.978

It should be mentioned that the signal was stabilized for each statin after the first two
scanning cycles (results not shown). The first two cycles showed slightly more pronounced
oxidation, which decreased progressively, showing the adsorption of statin on the electrode
surface. This behavior was present both with rosuvastatin and simvastatin. Moreover, as
reported in other studies, the oxidation process of statins is irreversible and involves the
exchange of two protons and two electrons [16,46].
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Laviron’s equation [48] was used to calculate the concentration of electroactive species
adsorbed on the electrode surface.

I =
n2F2ΓAv

4RT
(1)

where:

Г—concentration of the active species adsorbed on the electrode surface, mol × cm−2;
I—current corresponding to the peak, A;
A—electrode surface, cm2;
n—number of electrons transferred during redox processes;
F—Faraday’s constant, 96,485 C × mol−1;
R—universal gas constant, 8.314 J/mol K;
T—absolute temperature, 298 K.

Following the obtained parameters, Γ was calculated using Laviron’s equation, more
exactly from the slope of the linear dependence between I and v. The obtained values can
be found in Table 2.

Table 2. Slope I vs. v and Г corresponding to the two sensors.

Electrode Slope (A × s/V) Γ (mol × cm−2)

Rosuvastatin

SPCE 0.000096099 3.512·10−11

AuNP-MWCNTs/SPCE 0.00021811 6.829·10−11

Simvastatin

SPCE 0.000076199 6.969·10−11

AuNP-MWCNTs/SPCE 0.00020817 1.904·10−10

All the results suggest that AuNP-MWCNTs/SPCE presents a superior sensitivity
compared to SPCE due to nanomaterials from the active surface of the screen-printed
electrodes, which increase the active area and improves the adsorption process.

3.5. Determination of LOD and LOQ

The same electrodes, SPCE and AuNP-MWCNTs/SPCE, were used to obtain the
calibration curves of all sensors for rosuvastatin and simvastatin in the concentration range
of 5–400 µM. The stock solutions used for calibration had the same concentration, 600 µM,
and the different concentrations of the solution were obtained by adding different volumes
of stock solution in support electrolyte solution and recording the cyclic voltammograms.

In the case of rosuvastatin, both sensors show a linear dependence between the
intensity of the anodic peak and the analyte concentration range between 20–275 µM
(Figure 9). The calibration curves were performed with three replicates.

In the case of simvastatin, the linearity range depends on the sensor used; more
precisely, when CVs are recorded with SPCE, the linear dependence between the intensity
of the anodic peak and the concentration of simvastatin is in the range of 30–275 µM, and
in the case of AuNP-MWCNTs/SPCE, in the range of 50–350 µM (Figure 10).

The limits of detection (LOD = 3 σ/m) and quantification (LOQ = 10 σ/m) of the
sensors for RV and SV were calculated using calibration equations and standard deviations
(σ is the standard deviation of the electrochemical signal for the blank sample at the
potential corresponding to the peak corresponding to RV and SV respectively) for both
sensors used in the analysis. The LOD and LOQ values of the two sensors can be found in
Table 3.



Inventions 2023, 8, 111 11 of 20

Inventions 2023, 8, x FOR PEER REVIEW 11 of 21 
 

AuNP-MWCNTs/SPCE 0.00020817 1.904·10−10 

All the results suggest that AuNP-MWCNTs/SPCE presents a superior sensitivity 
compared to SPCE due to nanomaterials from the active surface of the screen-printed elec-
trodes, which increase the active area and improves the adsorption process. 

3.5. Determination of LOD and LOQ 
The same electrodes, SPCE and AuNP-MWCNTs/SPCE, were used to obtain the cal-

ibration curves of all sensors for rosuvastatin and simvastatin in the concentration range 
of 5–400 µM. The stock solutions used for calibration had the same concentration, 600 µM, 
and the different concentrations of the solution were obtained by adding different vol-
umes of stock solution in support electrolyte solution and recording the cyclic voltammo-
grams. 

In the case of rosuvastatin, both sensors show a linear dependence between the in-
tensity of the anodic peak and the analyte concentration range between 20–275 µM (Figure 
9). The calibration curves were performed with three replicates. 

  
(a) (b) 

Figure 9. Cyclic voltammograms recorded and linear fit for SPCE (a) on the concentration range 30–
275 µM RV and AuNP-MWCNTs/SPCE (b) on the concentration range 20–275 µM RV (n = 3). Dif-
ferent colors correspond to different concentration of the analyzed solutions. 

In the case of simvastatin, the linearity range depends on the sensor used; more pre-
cisely, when CVs are recorded with SPCE, the linear dependence between the intensity of 
the anodic peak and the concentration of simvastatin is in the range of 30–275 µM, and in 
the case of AuNP-MWCNTs/SPCE, in the range of 50–350 µM (Figure 10). 

Figure 9. Cyclic voltammograms recorded and linear fit for SPCE (a) on the concentration range
30–275 µM RV and AuNP-MWCNTs/SPCE (b) on the concentration range 20–275 µM RV (n = 3).
Different colors correspond to different concentration of the analyzed solutions.

Inventions 2023, 8, x FOR PEER REVIEW 12 of 21 
 

  
(a) (b) 

Figure 10. Cyclic voltammograms (in zoom view) recorded and linear fit for SPCE (a) in the concen-
tration range 30–275 µM SV and AuNP-MWCNTs/SPCE (b) in the concentration range 50–350 µM 
SV. Different colors correspond to different concentrations of the analyzed solutions. 

The limits of detection (LOD = 3 σ/m) and quantification (LOQ = 10 σ/m) of the sen-
sors for RV and SV were calculated using calibration equations and standard deviations 
(σ is the standard deviation of the electrochemical signal for the blank sample at the po-
tential corresponding to the peak corresponding to RV and SV respectively) for both sen-
sors used in the analysis. The LOD and LOQ values of the two sensors can be found in 
Table 3. 

Table 3. The values of the limits of detection and quantification of the two sensors for the analysis 
of the two statins. 

Sensor/Analyte Calibration Equation R2 LOD (μM) LOQ (μM) 
RV SV RV SV RV SV RV SV 

SPCE I = 0.0009c + 0.365 I = 0.001c + 0.713 0.986 0.981 5.37 4.83 17.9 16.1 
AuNP-MWCNTs/SPCE I = 0.0032c + 0.666 I = 0.0011c + 0.720 0.954 0.988 0.151 0.302 5.03 1.01 

Although the slope values of the calibration plot did not significantly vary between 
the two electrodes, AuNP-MWCNTs/SPCE demonstrated significant improvements in 
LOD and LOQ. This suggests enhanced performance of the modified sensor in terms of 
detection and quantification. Furthermore, it is important to highlight that signal stability 
was significantly better with the modified sensor, manifesting as lower deviation in meas-
urements, which contributes to the trust in and accuracy of the results obtained with this 
sensor. 

It is indeed true that at low concentrations (not shown in the plots), the slope of the 
calibration curve differs. However, we focused on selecting a concentration range with the 
best linearity and an R2 value closer to 1. Moreover, the results demonstrate the feasibility 
of the voltammetric method for the analysis of the two statins. The obtained values are 
similar or even better than those reported in the literature [6,27–29,44,49,50] (Table 4), 
which proves that the AuNP-MWCNTs/SPCE sensor has adequate electroanalytical per-
formance for RV and SV quantification in actual samples. 

Table 4. Sensitive materials, LOD, LOQ and linear range of the main voltammetric sensors used 
for the detection of RV and SV. 

Figure 10. Cyclic voltammograms (in zoom view) recorded and linear fit for SPCE (a) in the concen-
tration range 30–275 µM SV and AuNP-MWCNTs/SPCE (b) in the concentration range 50–350 µM
SV. Different colors correspond to different concentrations of the analyzed solutions.

Table 3. The values of the limits of detection and quantification of the two sensors for the analysis of
the two statins.

Sensor/Analyte Calibration Equation R2 LOD (µM) LOQ (µM)
RV SV RV SV RV SV RV SV

SPCE I = 0.0009c + 0.365 I = 0.001c + 0.713 0.986 0.981 5.37 4.83 17.9 16.1
AuNP-MWCNTs/SPCE I = 0.0032c + 0.666 I = 0.0011c + 0.720 0.954 0.988 0.151 0.302 5.03 1.01
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Although the slope values of the calibration plot did not significantly vary between
the two electrodes, AuNP-MWCNTs/SPCE demonstrated significant improvements in
LOD and LOQ. This suggests enhanced performance of the modified sensor in terms
of detection and quantification. Furthermore, it is important to highlight that signal
stability was significantly better with the modified sensor, manifesting as lower deviation
in measurements, which contributes to the trust in and accuracy of the results obtained
with this sensor.

It is indeed true that at low concentrations (not shown in the plots), the slope of the
calibration curve differs. However, we focused on selecting a concentration range with the
best linearity and an R2 value closer to 1. Moreover, the results demonstrate the feasibility
of the voltammetric method for the analysis of the two statins. The obtained values are
similar or even better than those reported in the literature [6,27–29,44,49,50] (Table 4), which
proves that the AuNP-MWCNTs/SPCE sensor has adequate electroanalytical performance
for RV and SV quantification in actual samples.

Table 4. Sensitive materials, LOD, LOQ and linear range of the main voltammetric sensors used for
the detection of RV and SV.

Sensor LOD (µM) LOQ (µM) Linearity Range (µM) Ref.

RV

GCE 0.194 0.66 150–2500 [26]
GCE 2 6.6 5–12.5 [27]

Boron-doped Diamond Electrode (BDD) 1.04 - 9.40–88.8 [28]
AuNP-MWCNTs/SPCE 0.151 5.03 20–275 This work

SV

Ni/NiWN (nickel hydroxide) electrode 4.88 16.3 50–400 [29]
GCE 0.550 - 2–100 [51]

Carbon Paste Electrode Bulk-Modified
with Multiwalled Carbon Nanotubes 0.24 0.8 3.75–20 [30]

AuNP-MWCNTs/SPCE 0.302 1.01 50–350 This work

The association of carbon nanotubes and gold nanoparticles demonstrated in all stages
of the study that it is an efficient way to improve the electrochemical performance of
the modified sensor. AuNP-MWCNTs/SPCE, having an active surface area much more
significant than its geometric area, obtained, as expected, an efficient detection limit, which
is why it will be used to determine statins in pharmaceutical samples.

3.6. Recovery Studies

The analytical recovery of each statin was analyzed by recording the cyclic voltam-
mograms after the addition of known amounts of the active substance. The results are
presented in Table 5.

Table 5. Recovery test at rosuvastatin and simvastatin quantification.

Added Concentration
(×10−5 M)

Found Concentration
(×10−5 M) Recovery (%) ± RSD (n = 5)

Rosuvastatin

4 4.23 105.8 ± 0.9
7 6.97 99.6 ± 0.8
10 10.06 100.6 ± 0.9

Simvastatin

2 2.13 106.5 ± 0.9
4 3.97 99.3 ± 0.8
6 6.16 102.6 ± 0.9
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Analytical recoveries ranged from 99.3% to 106.5%, with RSD (relative standard
deviation) of approximately 1% for the two statins. The obtained results confirm the
excellent electrocatalytic properties of the AuNP-MWCNTs/SPCE sensor and also an
optimal accuracy of the electrochemical method. Therefore, AuNP-MWCNTs/SPCE can be
successfully used for the determination of rosuvastatin and simvastatin concentrations in
various pharmaceutical products or in other applications within the field.

3.7. Stability and Reproducibility Studies

Ten successive voltammetric measurements tested the stability of the AuNP-MWCNTs/SPCE
sensor in the rosuvastatin solution (30 µM) and simvastatin solution (30 µM) (Figure S5). Between
scans, the sensor was rinsed three times with 0.1 M KCl solution. The intensity of the anodic
current decreased by 2.38% in the case of rosuvastatin and by 2.53% in the case of simvastatin
(Figure 11a).
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Figure 11. Variation of the intensity of the anodic current obtained by immersing AuNP-
MWCNTs/SPCE in a solution of RV (red line), respectively SV (blue line) for ten successive scans
(a) and for ten consecutive days (b).

Moreover, the AuNP-MWCNTs/SPCE sensor was used on ten consecutive days to
measure the anodic current in the exact solutions, one measurement per day. After uses,
the sensor was rinsed with 0.1 M KCl solution and kept at room temperature. After ten
days, the sensor response decreased by 2.58% in the case of rosuvastatin and by 3.09% in
the case of simvastatin (Figure 11b).

To verify the reproducibility of AuNP-MWCNTs/SPCE, the response of two identical
sensors in 30 µM solutions of statins was studied. No differences greater than 1% were
observed between the two sensors for either RV or SV detection.

3.8. Interference Studies

For the interference studies, the behavior of the AuNP-MWCNTs/SPCE sensor was
assessed by adding atorvastatin, a compound therapeutically and chemically related to
RV and SV. Solutions of RV and SV with a concentration of 30 µM were prepared, and the
same concentration of atorvastatin was added to each solution. The obtained results are
presented in Table 6.

Table 6. Influence of Atorvastatin on the Determination of RV and SV.

Stock Solution Interferent Compound Raport Recovery/%

RV
Atorvastatin

1:1 102 ± 1.4
SV 1:1 103 ± 2.2
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As observed in Table 6, the presence of atorvastatin does not significantly influence the
determination of either of the two statins (RV and SV). The oxidation peak of atorvastatin
is highlighted at a distinct potential compared to the oxidation peaks of both RV and
SV. Therefore, the possibility of even simultaneous determination of these statins could
be considered.

These results suggest that the AuNP-MWCNTs/SPCE sensor exhibits good precision
and selectivity for the determination of RV and SV in real samples.

3.9. Quantification of Statins in the Analyzed Pharmaceutical Products

Considering the optimal sensitivity of the AuNP-MWCNTs/SPCE sensor confirmed
in all the analyses performed, it can be used to quantify RV and SV from two standardized
pharmaceutical products. The applied method was cyclic voltammetry; the potential
range was from −0.4 V to +1.2 V, and the scanning rate was 0.1 V/s. The presence and
concentration of rosuvastatin and simvastatin are evaluated in the following products:
Crestor 10, 20, and 40 mg and Simvacard 10, 20, and 40 mg. The intensities of the peaks
related to statin oxidation in each solution, the amount of product analyzed (mass of one
tablet), and the slope of the equation of the calibration line were taken into account; thus
the concentration of statin in each product was calculated.

To validate the voltammetric method, the results were compared with those obtained
after FTIR analysis, a method often used in drug control.

To quantify statins via FTIR analysis, eight solid standards consisting of rosuvastatin,
simvastatin, and KBr were initially prepared to create a calibration curve in the concentra-
tion range of 5–60 mg/g (Figure 12). In the case of rosuvastatin, the correct equation was
obtained based on the absorbance at 1333.95 cm−1, this wavelength being representative of
the extension of the S=O group in the chemical structure of the analyte, a group that is not
found in the structure of simvastatin.

Several bands were highlighted in the case of the product Crestor 20 mg; for example,
at the wavenumber 2957.45 cm−1, the band is related to the N-H stretch, and at 1728.23 cm−1

for the C=O stretch from the statin structure. The other bands are found at 1556.76 cm−1,
which shows the stretching of the C=C bond, at la 2916.25 cm−1 for C-H stretching, and at
1515.21 cm−1 for N-H bending. At 3275.15 cm−1, a strong and wide band for O-H stretching
is observed; at 1488.74 cm−1 and 1400.61 cm−1, the asymmetric and symmetric bending
vibration from the CH3 group is observed at 1333.95 cm−1, the asymmetric vibration for
S = O is observed [52].

In the case of the product Simvacard 20 mg, the FTIR spectrum’s appearance is similar,
with the compound having similar groups in the structure, with the exception of the
S=O group. In this case, the values of the absorbances appearing at the wavenumber
1589.17 cm−1 corresponding to amide I (extension of the C=O group) were used for the
calibration curve. The FTIR spectra of the two pharmaceutical products can be seen in
Figure 13.

Table 7 shows the results obtained via both methods of analysis, which are by the
concentration of the active substance declared by the manufacturer. Therefore, the AuNP-
MWCNTs/SPCE sensor proved increased accuracy, sensitivity, and selectivity, suitable for
determining some statins from actual samples. The coefficient of variation is a maximum of
2.2% in the case of rosuvastatin and a maximum of 2.5% in the case of simvastatin. These
minor differences may appear due to the presence of excipients, which are indispensable
for preparing the pharmaceutical form.
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The FTIR method was used as a reference technique to validate the electrochemical
method employed for the quantification of statins. FTIR is a spectroscopic technique based
on the absorption and emission of infrared radiation by the analyzed molecules [53]. In
this study, FTIR spectra were obtained for the target statins, and they were used to confirm
the presence and identity of the analyzed compounds. The comparison between the results
obtained via the electrochemical method and those obtained by FTIR demonstrated the
correlation and accuracy of the electrochemical method in determining the content of
statins. Thus, the FTIR method played a crucial role in the validation and confirmation of
the electrochemical method used in this study.

After applying the t-test, the p values indicate that there is no statistically significant
difference between the two analysis methods. The t statistic is −0.542, indicating that the
difference in means between the results of the two methods is not significant. The negative
t value suggests that the mean of the values obtained through CV is slightly lower than
that of the values obtained through the FTIR method.

4. Conclusions

The quantification of the active compound is a significant step in the authorization
process of any pharmaceutical product. Electrochemical sensors are sensitive, reproducible,
and relatively easy-to-manufacture devices that could be used in drug control at different
points in the development of a pharmaceutical form.

In this study, the quantities of two statins (rosuvastatin and simvastatin) from pharma-
ceutical products authorized for sale on the Romanian market were detected and quantified
by means of screen-printed sensors, applying cyclic voltammetry. For this purpose, the two
sensors were characterized from an electrochemical point of view and subjected to prelimi-
nary studies to provide details about their electrochemical performances. Superior results
were obtained with the AuNP-MWCNTs/SPCE sensor compared to SPCE, confirmed by
better values of some electrochemical parameters such as active surface area, detection, and
quantification limit. Therefore, AuNP-MWCNTs/SPCE was used to analyze the two statins
quantitatively. Furthermore, the voltammetric method was validated due to the results
obtained, similar to those reported by the manufacturer but also those obtained via the
conventional FTIR method. Thus, it can be stated that cyclic voltammetry is a simple, versa-
tile, precise method with a low cost. The AuNP-MWCNTs/SPCE sensor presents excellent
sensitivity and selectivity for detecting rosuvastatin and simvastatin due to the synergy
between the electrocatalytic properties of gold nanoparticles and carbon nanotubes.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/inventions8050111/s1, Figure S1: Nyquist plots of EIS for SPCE
(red line) and AuNP-MWCNTs/SPCE (black line) in K3[Fe(CN)6]/K4[Fe(CN)6] 5·10−4 M/5·10−4

M—KCl 0.1 M for a frequency range from 1 Hz to 100 kHz, amplitude 10 mV. Inset: Equivalent circuit
used to fit the impedance spectra; Figure S2: Cyclic voltammograms recorded at SPCE (black line)
and AuNP-MWCNTs/SPCE (red line) in 10−3 M catechol—0.1 M KCl solution; Figure S3: Cyclic
voltammograms recorded at different scan rates (0.1–1 V/s), and dependence I vs. the square root
of the scan rate in the case SPCE (a) and AuNP-MWCNTs/SPCE (b). Scan rate 0.1 V/s; Figure S4:
Plot of Ia vs pH of 30 µM RV (a) and 30 µM SV (b) solution using cyclic voltammetry; Figure S5: The
successive cyclic voltammograms recorded by AuNP-MWCNTs/SPCE in the 30 µM RV solution;
Table S1: Electrochemical parameters obtained from cyclic voltammograms of sensors immersed in
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