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Abstract: This paper presents an accurate and fast electrochemical method for atorvastatin deter-
mination in pharmaceutical products. Two screen-printed sensors, one—carbon based (SPCE) and
one based on carbon nanotubes and gold nanoparticles (AuNP-CNT/SPCE) were used during the
electrochemical analyses. At all experimental stages, cyclic voltammetry was employed, both for
the characterization of the sensors and their electrochemical behavior, and for quantitative deter-
minations. AuNP-CNT/SPCE has showed an extended active area, higher intensity peaks, better
reversibility and lower background current than the unmodified sensor. For atorvastatin quantifi-
cation, a calibration curve has been developed within the 1.2–606.25 µM concentration range. A
linearity relation between the current of the anodic peak and concentration has been obtained in
the range 1.2–53.33 µM for both sensors. With the AuNP-CNT/SPCE sensor, low values of limit
of detection, LOD (1.92 × 10−7 M) and limit of quantification, LOQ (6.39 × 10−7 M) have been
obtained, which demonstrates the feasibility of the method of determining atorvastatin from real
samples. Atorvastatin amount has been successfully determined from pharmaceutical products
using AuNP-CNT/SPCE. The results were similar to the manufacturer’s specifications regarding the
dosage per tablet and to the concentrations obtained by applying the FTIR spectrometric method.

Keywords: atorvastatin; sensor; cyclic voltammetry; carbon nanotubes; gold nanoparticles

1. Introduction

Hyperlipidemia is a chronic condition manifested through the increase of the triglyc-
eride levels in blood. The most effective and widely used medication for the treatment
of hyperlipidemia is statins. Atorvastatin falls in this category, being an inhibitor of
HMG-CoA reductase (an enzyme indispensable for cholesterol biosynthesis in liver) with
significant anti-hypercholesterolemic effects [1]. Structurally, atorvastatin is an aromatic
amide, a monofluorobenzene derivative, a dihydroxy monocarboxylic acid and a pyrrole
derivative. Atorvastatin is also a derivative of heptanoic acid [2] (Scheme 1).
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Scheme 1. Chemical structure of atorvastatin.
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This compound reduces the cholesterol quantity in blood, lowering the risk of car-
diovascular diseases and cerebrovascular accidents. It is generally administered in the
form of atorvastatin calcium trihydrate, in doses of 10 to 80 mg per day. As any drug,
atorvastatin may have some side effects, such as muscular or hepatic problems or increased
glycemia [3]. Consequently, monitoring the atorvastatin concentration in pharmaceutical
formulation may have an extremely significant role in adjusting the administered dose [4].

Up until now, researchers have applied more techniques for the analytical determi-
nation of atorvastatin both in drugs and biological samples, such as: liquid chromatogra-
phy [5,6], high performance liquid chromatography [7,8], spectrophotometry [9,10], but
also electrochemical techniques [11–13]. Even though the chromatographic and spectropho-
tometric methods provide precise results, they require using expensive instruments and
devices, and additional stages of sample pretreatment, which increase both the cost and
time of the analysis. On the other hand, the electrochemical methods require the use of
electrodes modified with various nanomaterials, which present multiple advantages, such
as short response time, selectivity, sensitivity, precision and, above all, the possibility of
miniaturizing [14–18].

Among nanomaterials, carbon nanotubes (CNT) are frequently used for the modifica-
tion of screen-printed sensors, owing to their mechanical properties, remarkable electrical
conductivity, optimal surface, high chemical resistance and stability [19,20].

In addition, in the last few years, metallic nanoparticles have drawn the scientific
community’s attention with their chemical and physical particularities, which make them
suitable for electrochemical sensors modification [21,22]. Special attention was granted
to gold nanoparticles (AuNP) because of their good biological compatibility, excellent
conductibility and high surface-volume ratio. Modifying the sensor surface with AuNP has
increased the value of electrochemical tests [23,24]. The combination of CNT with AuNP
with a view to modifying the screen-printed sensors may positively influence the detection
process, favoring the transfer of electrons and selectivity [25].

This study aims at evaluating the electrochemical behavior of two screen-printed
sensors, the former, carbon-based (SPCE) and the latter, based on gold-particles modified
carbon nanotubes (AuNP-CNT/SPCE) and the qualitative and quantitative determination
of atorvastatin in a pharmaceutical product. The AuNP-CNT/SPCE is different as design,
materials and detection technique comparing with other sensors reported in literature [26].
The electrochemical method applied for detection will be cyclic voltammetry. The quan-
titative results obtained with the AuNP-CNT/SPCE sensor using voltammetry will be
subsequently compared with the ones obtained using the FTIR method.

The novelty of this study is the development of a novel electroanalytical method based
on AuNP-CNT/SPCE sensor for the sensitive and accurate determination of atorvastatin
in real samples.

2. Materials and Methods
2.1. Reactives and Solutions

All reactives have been used without additional purification, as they presented an-
alytical purity. The studies on the characterization of electrodes and optimization of the
experimental parameters were conducted in potassium chloride 10−1 M and potassium
ferrocyanide 10−3 M, the compounds having been purchased from Sigma—Aldrich (St.
Louis, MO, USA). All solutions were prepared with MilliQ ultrapure water (resistivity
18.2 MΩ × cm) obtained from a Milli-Q Simplicity® water purification system. For the
atorvastatin detection studies, real samples, purchased from local pharmacies, were used.

2.2. Electrochemical Measurements

All electrochemical determinations using cyclic voltammetry were conducted using
an EG&G potentiostat/galvanostat (Princeton Applied Research, Oak Ridge, TN, USA)
controlled by a Windows-operated computer with an ECHEM software, used for character-
izing the electrodes signals and for atorvastatin electroanalysis. A classical three-electrode
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system was employed. The working electrode is the carbon screen-printed electrode (SPCE)
or the one modified with carbon nanotubes and gold particles (AuNP-CNT/SPCE) from
Metrohm-Dropsens. The reference electrode was the silver/silver chloride electrode, and
the counter electrode was a platinum wire. The working electrode unmodified and modi-
fied with nanomaterials have a surface of 0.1256 cm2. The electrochemical measurements
are repeatable, the sensors could be used more than 100 measurements without losing their
sensitivity. All potentials indicated in this study refer to the Ag/AgCl reference electrode.

The electrochemical method employed in all experimental analyses was cyclic voltam-
metry. In this study, for the stabilization of the sensors’ electrochemical signal, 6 successive
cycles with a 0.1 V/s scan rate were recorded using cyclic voltammetry. After that, 2
successive cycles at the same scan rate were also recorded, and the second cycle was saved
and it is considered the stable signal of the sensor in the tested sample solution.

The FTIR spectra were obtained using a Bruker ALPHA FT-IR spectrometer (BrukerOp-
tik GmbH, Ettlingen, Germany) which uses the OPUS software (BrukekrOptik GmbH,
Ettlingen, Germany) within the 4000–500 cm−1 range (32 scans, resolution 4 cm−1) in the
attenuated total reflection (ATR) mode. Between measurements, the ATR ZnSe crystal was
cleaned with ultrapure water and isopropanol. The spectra were recorded towards the air
as background.

2.3. Analysis of Phramaceutical Samples

The sensors’ applicability was studied by atorvastatin detection analysis in PRF (i.e.,
medical prescription withheld in the pharmacy) pharmaceutical products (Sortis 20 mg,
Sortis 10 mg). Sortis is one of the medicaments known as statins, which act towards lipids
(fats) regulation in the body, being used for lowering the concentrations of cholesterol and
triglycerides in blood.

The stock solution of atorvastatin in the form of atorvastatin calcium was obtained
from pharmaceutical product Sortis. Sortis 20 mg is a filmed tablet whose core contains
atorvastatin calcium trihydrate, alongside other excipients, such as lactose monohydrate
(54.50 mg/cp) and benzoic acid (0.00008 mg/cp), calcium carbonate, microcrystalline
cellulose, sodium croscarmellose, polysorbate 80, hydroxypropyl cellulose, magnesium
stearate.

For the preparation of the stock solution, more tablets of pharmaceutical product were
triturated and dissolved in water. Prior to trituration, the coat on the tablet surface had
been removed by rinsing with double distilled water. After ultrasonication, the respective
mixture was filtered, and the effluent collected. Then, the water was evaporated, obtaining
a solid powder, which was further characterized using FTIR spectrometry. The FTIR
spectrum was similar to the one reported in the literature for atorvastatin calcium [23]. The
required quantity was dissolved in KCl solution of 0.1 M concentration, resulting a stock
solution of atorvastatin with 6 × 10−4 M concentration. The solution was ultrasonicated
using the Elma S10H Elmasonic device for dissolution and homogenization. The stock
solution obtained was appropriately diluted and then introduced into the electrochemical
cell and the three electrodes (working, reference and counter electrode) were connected.

In the validation studies tablets of Sortis 20 mg and Sortis 10 mg were used. The
pharmaceutical samples were analyzed in triplicate.

3. Results and Discussion
3.1. Study of the Electrochemical Behavior of Sensors in KCl Solution and Potassium
Ferrocyanide/KCl Solution

The purpose of the preliminary analyses was the evaluation of the electrochemical
behavior of two screen-printed sensors, the former, screen-printed carbon electrode (SPCE)
and the latter, based on carbon modified with carbon nanotubes and gold nanoparticles
(AuNP-CNT/SPCE).

During the first stage of analyses, an electrochemically inactive KCl 0.1 M was used
with a view to evaluate the active surface of the sensors. The potential range was optimized,
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and the stable signal was obtained in the range from −0.4 to +0.7 V. No peaks were
highlighted in the recorded cyclic voltammograms, which could have suggested a possible
contamination of the sensor surface. The sensors present low background currents, which
guarantees their suitability for further experiments.

In the next stage, the SPCE and AuNP-CNT/SPCE electrodes were immersed in a
solution with electrochemical activity, obtained from potassium ferrocyanide 10−3 M and
KCl 10−1 M, with a view to analyzing the electrochemical behavior of the sensors. The
cyclic voltammograms were recorded at a scan rate of 0.1 V/s, in the potential range
between −0.4 V and +0.7 V. This range was proven stable and optimal for potassium
ferrocyanide/KCl solution too, having been applied in other studies [27].

Figure 1 presents the cyclic voltammograms of the SPCE and AuNP-CNT/SPCE
sensors in potassium ferrocyanide 10−3 M-KCl 10−1 M solution recorded at a 0.1 V/s
scan rate.
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Figure 1. Cyclic voltammograms of the SPCE (a) and AuNP-CNT/SPCE (b) electrodes in 10−3 M of
K4[Fe(CN)6] and 10−1 M KCl solution. Scan rate 0.1 V/s.

As seen in Figure 1, in both cases, the redox of the potassium ferrocyanide ion which
takes place at the sensor surface is obvious, being observed an anodic and a cathodic peak.

The parameters of interest obtained, and the ones calculated following the voltammet-
ric analysis are presented in Table 1.

Table 1. Electrochemical parameters obtained from cyclic voltammograms of the sensors immersed in K4[Fe(CN)6] 10−3 M-
KCl 10−1 M solution.

Sensor Epa (V) Epc (V) E1/2 (V) E (V) Ia (µA) Ic (µA) Ic/Ia

SPCE 0.334 0.118 0.226 0.216 25.95 −21.94 0.84
AuNP-CNT/SPCE 0.272 0.156 0.214 0.116 31.31 −28.02 0.89

Abbreviations: Epa—potential of the anodic peak; Epc—potential of the cathodic peak; Ia—current of the anodic peak; Ic—current of the
cathodic peak; E1/2—half wave potential, E = Epa − Epc.

In the case of AuNP-CNT/SPCE, the peaks are better defined, of higher intensity and
better reversibility (E and E1/2 have lower values). By assessing the values of the principal
parameters in the table, one can contend that the redox process of the ferrocyanide ion is
quasi-irreversible in both cases, and that the sensors present good sensitivity.

In order to calculate the active area of the sensors, the cyclic voltammograms have
been recorded in 10−3 M potassium ferrocyanide—10−1 M potassium chloride solution
at various scan rates between the 0.05 and 1.0 V/s. The results obtained in the case of
AuNP-CNT/SPCE are displayed in Figure 2.
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Figure 2. (a) Cyclic voltammograms of the AuNP-CNT/SPCE electrode in solution
10−3 M K4[Fe(CN)6] −10−1 M KCl at various scan rates (0.05–1.0 V/s) (b) Dependence Ipa vs. square
root of the scan rate.

After recording the cyclic voltammograms, one notes that the intensity of currents
corresponding to the redox process of potassium ferrocyanide increases with the scan rate.
By developing the linear regression between the intensity of the anodic current and scan
rate, respectively, square root of the scan rate, one can determine the stage determining the
rate of the oxidation process.

Figure 2b shows good linearity between Ipa and square root of the scan rate, with a
determination coefficient (R2) of 0.9985. This result demonstrates that the electrochemical
process at the level of the working electrode is controlled by the diffusion of the electroactive
species, which concords with the literature [28]. The same type of linearity was also
obtained by SPCE.

The active area of the electrodes was calculated by using the linear dependences
between Ipa and v1/2 and applying the Randles-Sevcik equation [27,29].

Ipa = 268, 600 × n3/2 × A × D1/2 × Cv1/2 (1)

where: Ipa = current of the anodic peak (A); n = number of electrons transferred in the redox pro-
cess; A = electrode area (cm 2); D = diffusion coefficient (cm2/s); C = concentration (mol/cm3);
v = scan rate (V/s).

The diffusion coefficient of the ferrocyanide ion is considered known: D = 7.26 × 10−6 cm2

× s−1 [27].
Table 2 presents the values obtained for the area of active surface and the roughness

factor of the two working electrodes.

Table 2. Geometric area, active surface area and roughness factor for SPCE and AuNP-CNT/SPCE.

Electrode Geometric Area (cm2) Active Area (cm2) Roughness Factor

SPCE
0.1256

0.2836 2.25
AuNP-CNT/SPCE 0.9842 7.84

AuNP-CNT/SPCE displays an active surface approximately 8 times larger than its
geometric area and approx. 4 times larger than the active surface of the SPCE. The high sen-
sitivity of the AuNP-CNT/SPCE modified sensor can be explained by the presence of the
carbon nanotubes and gold particles which, owing to their shape, size and structure, present
good electrical and mechanical properties, favoring the fast transfer of electrons [30,31],
necessary in the case of electrochemical sensors. In addition, the association of carbon nan-
otubes and gold nanoparticles results in good conductibility and electrocatalytic capacity,
thus increasing the sensor’s selectivity, sensitivity and reproducibility [32,33].
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3.2. Study of the Electrochemical Behavior of the Sensors in Atorvastatin Solition (Support
Electrolyte Solution KCl 10−1 M)

During the following stage, the response of the sensors in an atorvastatin solution of
3 × 10−5 M and KCl 10−1 M was analyzed. The purpose of the analysis is to investigate
the oxidation-reduction process of atorvastatin, using the sensors selected for this study.
Furthermore, using cyclic voltammetry the sensitivity and selectivity of the sensors for the
detection of atorvastatin were studied.

For stabilizing the sensors’ responses, 6 cycles in the potential range between −0.4 V
and +1.3 V were necessary. The results presented were obtained after the stabilization of
the voltammetric signal.

Figure 3 presents the cyclic voltammograms of the sensors in atorvastatin 3 × 10−5 M
solution (electrolyte KCl 10−1 M solution).
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Using both electrodes, one notes similar electrochemical behavior. The recorded cyclic
voltammograms highlight two anodic and one cathodic peaks. The second anodic peak
(Epa = 1.004 V, Ipa = 34.208 µA for SPCE and Epa = 1.004 V, Ipa = 51.82 µA for AuNP-
CNT/SPCE) is related to the oxidation process of atorvastatin. The oxidation process is
irreversible, as no cathodic peak associated to the oxidation of atorvastatin is observed.

In the initial phase of the oxidation process, atorvastatin loses one electron to form
a cationic radical, which, in the following stage, loses one proton and one electron, a
quaternary Schiff base being form. The resulting quaternary Schiff base suffers a rapid
hydrolysis, two compounds appearing: the 3,5-dihydroxi-7-oxo-heptanoic acid and the
fenylamide of acid 5-(4-Fluorophenyl)-2-isopropyl-4-phenyl-1H-pyrrole-3-carboxylic. This
mechanism has been suggested by many researchers [10,31,32]. The scheme of the oxidation
process of atorvastatin is presented in Figure 4.

Therefore, the electrochemical process entails the transfer of two electrons and two
protons concomitantly detected by the screen-printed sensors. This electrochemical behav-
ior of atorvastatin obtained with screen-printed sensors is similar to the one reported in the
literature [10,33].

It is noted that the anodic peak related to the oxidation of atorvastatin occurs at the
same potential (at a 0.1 V/s scan rate) for both sensors, but the intensity of current is higher
in the case of AuNP-CNT/SPCE. This difference is given by the modifications of the surface
of the screen-printed sensor. It is known that carbon nanotubes have good mechanical,
electrical and thermic properties [17] and their association with the gold nanoparticles
facilitates, in the case of atorvastatin oxidation, a well-defined electrochemical response,
with higher intensity and lower background current.
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According to the literature, rosuvastatin, for example, shows a slight oxidation at a
different potential, usually with a higher value (+1.26 V) [35] (+1.39 V) [36], which is why,
in a simultaneous detection analysis, the signals would not interfere and the selectivity of
the sensor would prove to be optimal. More studies will be needed in this direction.

3.3. Influence of the Scan Rate on the Sensors’ Responses

This section presents the scan rate’s influence over the intensity and potential of the
anodic peak corresponding to atorvastatin oxidation, using, in turn, SPCE and AuNP-
CNT/SPCE. Scan rates varied within a range from 0.1 and 1.0 V/s, modifying the scan rate
gradually with 0.1 V/s at each recording.

Applying gradual increases of scan rates the determining stage of the electrochemical
process was achieved.

The intensity of the anodic peak increases, and the potential reaches higher values
with the increase of the scan rate (Figure 5). This behavior is explained by the irreversible
nature of the oxidation process, as confirmed by other studies [33]. The linear dependence
of the anodic current to the scan rate and to the scan rate square root was also evaluated in
order to determine whether the process is controlled by diffusion or adsorption.

Assessing the two linear dependences, one notes that the better linearity and a deter-
mination factor (R2) closer to 1 was obtained between the intensity of the anodic current
and scan rate, as evident from Figure 6. This trend was observed for both sensors.

The linear regression equations for the anodic current intensity versus scan rate were
as follows:

Ip(µA) = 132.16v(V/s) + 25.357, R2 = 0.9956 (for SPCE)

Ip(µA) = 239.24 v
(

V
s

)
+ 36.527, R2 = 0.995 (for AuNP − CNT/SPCE)

In addition, the equations for the anodic current intensity logarithm versus the scan
rate logarithm were also obtained:

log Ip(µA) = 0.6627 log v(V/s) + 2.1786, R2 = 0.9974 (for SPCE)
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log Ip(µA) = 0.7198 log v(V/s) + 2.4262, R2 = 0.9988 (for AuNP − CNT/SPCE)
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(b) AuNP-CNT/SPCE.

The values of the slopes are close to the theoretical value (0.5) which corresponds to
an ideal reaction of the species in solution [34]. Consequently, the oxidation mechanism of
atorvastatin which takes place at the SPCE and AuNP-CNT/SPCE surface is an adsorption-
controlled process [13,35].

However, the graphic between the anodic peak logarithm and the square root of scan
rate logarithm shows a slope of 0.7589 and R2 = 0.9973 for SPCE, respectively, 0.6938 and
R2 = 0.9988 for AuNP-CNT/SPCE, also indicating the presence of a diffusion process.

log Ip(µA) = 0.7525 log v1/2 (V/s) + 1.64, R2 = 0.9973 (for SPCE)

log Ip(µA) = 0.6938 log v
1
2

(
V
s

)
+ 1.6834, R2 = 0.9988 (for AuNP − CNT/SPCE)

In order to investigate more thoroughly the atorvastatin electrochemical process which
takes places at the electrodes surface, 5 cycles were recorded by cyclic voltammetry. The
anodic peak current corresponding to atorvastatin displayed a significant decrease during
the successive recordings (the results are not presented) in the first and the second scanning
cycle, while the other three cycles remained almost unchanged, the signal being stable.
These results confirm that the process that takes place at the surface is adsorption-controlled,
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but the diffusion process also plays an important role. Such electrochemical behavior of
atorvastatin has also been reported in other studies [33].

In order to calculate the concentration of the electroactive species adsorbed on the
active surface of the electrode, Laviron equation was employed [37].

ip =
n2F2ГAv

4RT
(2)

where: Г—surface concentration of the electroactive species, mol × cm−2; ip—current
corresponding to the peak, A; A—electrode supraface, cm2; n—number of electrons trans-
ferred during the redox processes; F—Faraday constant, 96,485 C × mol−1; R—molar gas
constant, 8.314 J/mol K; T—absolute temperature, K; 298 K.

According to the atorvastatin oxidation process, the number of transferred electrons is
2 [10,33].

Table 3 displays the Г values obtained from Equation (2).

Table 3. Equation of the linear regression Ip vs. v, R2 and Г corresponding to the two sensors.

Electrode Equation R2 (mol × cm−2)

SPCE Ip = 1.32 × 10−4 v + 2.53 × 10−5 0.9956 1.11 × 10−11

AuNP-CNT/SPCE Ip = 2.39 × 10−4 v + 3.65 × 10−5 0.9950 4.94 × 10−10

The values obtained for the degree of covering the surface with electroactive species
conform with the values reported by other studies [33].

It can be asserted that AuNP-CNT/SPCE has superior electroanalytical properties
in comparison with SPCE at atorvastatin detection. The presence of carbon nanotubes
and gold nanoparticles ensures better conductibility and selectivity of the sensor in real
samples.

3.4. Calibration Curve and Detection Limit

In optimized experimental conditions, the SPCE and AuNP-CNT/SPCE electrodes
were used for the voltammetric determination of atorvastatin. A calibration curve was
developed to determine the sensor response linearity range towards concentrations and
to calculate the detection and quantification limit. The results are displayed in Figure 7.
For the calibration curve, an atorvastation stock solution was used (6 × 10−4 M), out of
which clearly defined volumes were added to the electrolyte solution of KCl 10−1 M. The
concentration range under focus was 1.2–606.25 µM. A good linearity was obtained in the
1.2–53.33 µM range for both sensors, as shown in Figure 7.

With the help of the linear calibration curve equation and standard deviation, the
values of detection limit (LOD = 3σ/m) and quantification (LOQ = 10σ/m) [38] were
calculated (Table 4)

Table 4. The equations of linear fitting Ipa vs. c, R2, LOD and LOQ values for the two sensors for atorvastatin detection.

Sensor Equation of the Linear Calibration Curve R2 LOD (µM) LOQ (µM)

SPCE Ipa = 0.0383 c + 2.2746 0.9716 6.75 × 10−7 2.25 × 10−6

AuNP-CNT/SPCE Ipa = 0.0252 c + 10.762 0.9892 1.92 × 10−7 6.39 × 10−7
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SPCE/CNT-AuNP presents low LOD and LOQ values, which indicates high sensi-
tivity. Consequently, the voltammetric method is precise and feasible for qualitative and
quantitative atorvastatin determination. The values obtained are even below the ones
reported in the literature (Table 5), which proves that SPCE/CNT-AuNP has very good
electroanalytical performance for atorvastatin detection.

This study has emphasized the excellent electrochemical properties of the SPCE/CNT-
AuNP sensor, which are the result of the association of carbon nanotubes and gold nanopar-
ticles. These superior properties have been marked out through an extended area of active
surface and low detection limit and quantification values. Therefore, AuNP-CNT/SPCE
has been used for the determination of atorvastatin in real samples.
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Table 5. Sensitive materials, detection technique, linear range and LOD of some sensors used for the detection of atorvastatin.

Sensitive Materials Detection Technique Linear Range (µM) LOD (µM) Real Sample Ref.

PbTe NPs/SPE 1 cronAmp 1–70 0.05 Tablet urine [34]

GCE 2 DPV
1–50

0.2
Tablet [12]SWV 0–3

Fe3O4@PPy/MWCNTs/GE 3 SWASV 0.0314–201 0.0230 Tablet and human serum [38]

AgNWs/Au/GCE 4 CV
DPV 10 × 10−6–1 × 10−3 1 × 10−3 Tablet [14]

EPPGE 5 DPV
SWV

0.0960–5.60
0.0960–7.74

21.0
23.0 Tablet [13]

PPY/CNTs/GCE 6 LSV 0.005–1.0 0.0015 Tablet [39]

ZnO/NS/CPE 7 DPV
SWV

1.00–12.0
0.01–0.1

7 × 10−4

1.2 × 10−4 Tablet and urine [11]

PPY-GNs/GCE 8 DPV 20.0–200 1.20 Tablet [40]
VACNT-GO electrode 9 DPAdSV 0.09–3.81 9.4 × 10−3 Urine and human serum [41]

CPE in the presence of CTAB 10 DPV 0.05–10 4.08 × 10−3 Tablet and urine [42]
1 Lead telluride nanoparticles-modified graphite screen-printed electrodes; 2 glassy carbon electrode; 3 graphite electrode (GE) modified
with polypyrrole-coated Fe3O4 nanohybrid by core-shell structure (Fe3O4@PPy NPs) and multiwall carbon nanotubes (MWCNTs); 4 silver
nanowires/gold-modified glassy carbon electrode; 5 edge-plane pyrolytic graphite electrode; 6 Polypyrrole/Carbon nanotube/Glassy
carbon electrode; 7 zinc oxide nanoparticles and nano-silica carbon paste electrode; 8 polypyrrole functionalized graphene sheets/glassy
carbon electrode; 9 vertically aligned carbon nanotube/graphene oxide; 10 carbon paste electrode (CPE) in the presence of an enhancing
agent, cetyltrimethyl ammonium bromide (CTAB).

For this study, the real samples were pharmaceutical products in the form of tablets.
As can be seen in the Table 5, many authors have determined atorvastatin from various
types of biological samples. Biological samples involve several stages of pretreatment and
storage [43], involving higher costs and a longer time. Moreover, the detection from biologi-
cal samples implies the existence of interferences that can be difficult to control. Metabolites
of other compounds in urine or plasma may significantly impair or alter the sensor signal.
The future step of our research will be the detection of statins in biological samples.

3.5. Atorvastatin Determination in the Pharmaceutical Products

In the next experimental step, the aim is to demonstrate the sensitivity and accuracy
of the AuNP-CNT/SPCE sensor for the qualitative and quantitative determination of the
analyte of interest in a pharmaceutical products. For the determination of atorvastatin in the
pharmaceutical products, AuNP-CNT/SPCE was used, applying cyclic voltammetry. The
potential range was between −0.4 V and +1.3 and the scan rate was of 0.1 V/s. The cyclic
voltammogram points out the peak corresponding to the presence of atorvastatin in the
pharmaceutical products. Taking into consideration the anodic peak intensity, the quantity
of product analyzed and the linear calibration equation, the quantity of atorvastatin in the
pharmaceutical products were calculated.

The results obtained conform to the values reported by manufacturers, which demon-
strates the precision of the AuNP-CNT/SPCE sensor (Table 6).

Table 6. Atorvastatin concentrations in Sortis obtained by voltammetry and, respectively, by FTIR.

Product Atorvastatin Quantity Reported
by the Manufacturer (mg/cp) Atorvastatin Quantity Experimentally Determined

CV (mg/cp) method FTIR (mg/cp) method
Sortis 20 mg 20 20 ± 1 21 ± 2
Sortis 10 mg 10 10 ± 0.5 10.5 ± 0.5

The voltammetric method was validated using the FTIR spectrometric method. The
FTIR method presents a considerable potential in medicine quality control, as it is capable
of identifying the chemical structure and the identity of the active substance in various
samples. For this test, a solid standard of atorvastatin-KBr in 10 mg/g concentration
was prepared, and the linear calibration curve was determined based on the absorbers
of the peak at a wave length of 1316 cm−1, specific to the stretching vibration of the C-N
group [44].
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Figure 8 displays the FTIR spectrum of the sample obtained from the pharmaceutical
product Sortis 20 mg.
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All samples were analyzed in triplicate. The results are outlined in Table 6.
It is noted that the values obtained are similar for both methods. In addition, the

atorvastatin concentrations obtained in this study correspond to the concentration reported
by manufacturer. These results demonstrate the accuracy and precision of the voltammetric
method, as well as the sensitivity and selectivity of the AuNP-CNT/SPCE sensor.

3.6. Recovery Test

The analytical recovery was determined using cyclic voltammetry, after the addition
of clearly determined quantities of pharmaceutical product solutions, more precisely,
3 × 10−6, 5 × 10−6 and 7 × 10−6 M.

Analytical recoveries ranged between 99.4 and 100.9% (Table 7) at approx. 1% RSD
(relative standard deviation). The values of the analytical recovery obtained are related to
the presence of some excipients, which may interfere with the electrochemical response.
The results obtained are positive, and the sensor may be used in pharmaceutical practice.

Table 7. Recovery test at atorvastatin detection.

Atorvastatin Concentration (×106 M) Atorvastatin Quantity (×106 M) Recovery (%) ± RSD (n = 5)

3 3.03 100.5 ± 0.9
5 4.97 99.4 ± 0.8
7 7.06 100.9 ± 0.9

4. Conclusions

This study has characterized the SPCE and AuNP-CNT/SPCE sensors with the pur-
pose of determining the atorvastatin in pharmaceutical products. AuNP-CNT/SPCE
displayed superior electrochemical behavior in comparison with SPCE as early as during
the preliminary experiments. With a wider active surface area, AuNP-CNT/SPCE has
recorded more intense and better defined peaks in the atorvastatin solution, the process
being mainly controlled by the adsorption of the species at the electrode surface. For
the quantification of atorvastatin, a calibration curve was determined and the calculated
LOD and LOQ values proved higher sensitivity for AuNP-CNT/SPCE. In the quantitative
analysis, the atorvastatin concentrations obtained with AuNP-CNT/SPCE are very close
to the ones obtained by spectrometry, and also to the values reported by manufacturer. It
can be thus concluded that the method employed is simple, versatile, precise and entails



Inventions 2021, 6, 57 13 of 15

low costs. In addition, AuNP-CNT/SPCE is suitable for the screening analysis of complex
samples that contain atorvastatin.

The present study could be a first step towards the development of a sensitive, portable,
single-use device for the detection of atorvastatin in biological samples. Such a device
could be used at home or in the hospital for the benefit of the patient. By monitoring
the level of atorvastatin in the blood, the dose administered daily can be adjusted, and
thus, liver function would be protected. Furthermore, further research could address the
simultaneous detection of several statins (rosuvastatin or simvastatin), results that could
make important contributions to drug control.
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