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ect of reduced graphene oxide
and silver nanocomposite supported on poly
brilliant blue platform for ultra-trace voltammetric
analysis of rosuvastatin in tablets and human
plasma†

Marwa R. El-Zahry * and Marwa F. B. Ali

The enhancement effect of reduced graphene oxide (rGO) combined with silver nanocomposite supported

on poly brilliant blue (PBB) platform was investigated for ultra-trace analysis of rosuvastatin (RS). Herein, in

situ electrochemical deposition of the silver nanoparticles (AgNPs) and rGO hybrid was performed on the

surface of the polymerized brilliant blue (PBB) platform. The developed (AgNPs–rGO/PBB) electrode

showed an enhanced catalytic activity toward the oxidation of RS. The modified electrodes AgNPs–rGO/

PBB and AgNPs/PBB required an overpotential of 0.68 and 1.06 V to achieve a current density of 10 mA

cm�2, and their corresponding Tafel slopes were calculated to be 70 and 105 mV dec�1, respectively.

Further, rGO and silver nanocomposites properties were characterized by scanning electron microscopy

(SEM), cyclic voltammetry (CV), square wave voltammetry (SWV), linear sweep voltammetry (LSV), and

electrochemical impedance spectroscopy (EIS). Additionally, the formation of GO and AgNPs–rGO was

confirmed by Raman spectroscopy and Fourier transform infrared spectroscopy (FT-IR). Under the

optimized conditions, the electrochemical sensor showed a remarkable response for quantitation of RS

over a wide range of concentrations 5 � 10�9 to 5 � 10�7 mol L�1 (r ¼ 0.9988), with a limit of detection

2.17 � 10�9 mol L�1. The electrochemical performance of the studied electrode showed high

reproducibility and suitability for tablets and human plasma.
Introduction

Recently, bi- and multi-layered modied electrodes have
attracted much attention for the analysis of pharmaceutical and
environmental samples due to their high sensitivity, selectivity
and electro-catalytic activity.1

Graphene is a source of most graphitic materials and
contains one single layer of carbon atoms. The most interesting
properties of graphene are high mechanical strength and
tunable optical properties. Among the various methods of gra-
phene exfoliation, oxidation of graphite using strong oxidizing
agents forming graphene oxide (GO), a non-conductive hydro-
philic material, received great attention due to its simple
synthetic protocol. Hummer's method was commonly used for
the oxidation of graphite.2 To retain the aromatic backbone, GO
was reduced either chemically using different reagents or elec-
trochemically by applying more negative potential to reduce the
Department, Faculty of Pharmacy,

t. E-mail: marwazahry@aun.edu.eg;

tion (ESI) available. See DOI:
oxygen functional group present on the surface of GO.3 It was
reported that the electrochemically reduced graphene oxide will
be more conducting than that prepared from chemical
reduction.4

Incorporation of metal nanostructures with graphene or rGO
greatly inuences the electrochemical biosensors which
accompanied by an improvement in biosensor sensitivity due to
the synergistic effect between rGO and the metal nano-
structures. In this study; silver nanoparticles (AgNPs) were
selected due to their high conductivity, high surface reaction
activity, high catalytic efficiency, strong adsorption ability, high
spectral properties and ease of preparation.5,6

Brilliant blue (BB), is a triphenylmethane dye widely used for
protein staining in analytical biochemistry eld. BB was chosen
as a combined valence compound applied on the electrode
surface via electro-polymerization forming electro-active layers
of poly brilliant blue (PBB). The well-organized layers of PBB
over the surface of pencil graphite electrode (PGE) act as
a platform for dispersion of the in situ deposited AgNPs–rGO
hybrid nanocomposites.

Rosuvastatin (RS) is a highly effective anti-hyperlipidemic
drug acts by inhibiting 3-hydroxy-3-methylglutaryl coenzyme A
(HMG-CoA) reductase enzyme, which catalyzes the conversion
This journal is © The Royal Society of Chemistry 2019
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Scheme 1 Schematic presentation of the steps involved in fabrication of
AgNPs–rGO/PBB and AgNPs/PBB bi-layered modified electrodes.
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of HMG-CoA to mevalonate in cholesterol biosynthesis.7 RS
reduces low-density lipoprotein (LDL), inhibits hepatic
synthesis of very-low-density lipoprotein (VLDL) and lowers
triglycerides levels in hypertriglyceridemic patients.8 RS has
shown a great effect to reduce the rate of mortality in coronary
patients and prevent cardiovascular events in ischemic heart
disease patients. Owing to its importance, several techniques
were reported for determination of RS such spectrophotom-
etry,9–12 spectrouorimetry,13 capillary electrophoresis,14

HPTLC,15–17 electrochemistry,18–23 and HPLC.24–29 Electro-
chemical techniques exhibited a recent interest owing to its
high sensitivity, good selectivity, reproducibility, and rapidity
when compared with other analytical methods. Hence, the
presented article selected square wave voltammetric (SWV)
technique as the technique of choice for detection of RS in
different matrices.

Moreover, PGE was selected in the present investigation
because of its high electrochemical reactivity, low background
current, good mechanical rigidity, disposability, low cost and
commercial availability. It offers renewal surface which is
simpler and faster than polishing procedures, ease in modi-
cation and more environmentally friendly.30,31

In the present work, an electrochemical sensing platform
based on in situ electro-deposition of AgNPs–rGO (outer layer)
on PBB surface (inner layer) was fabricated to modify a graphite
electrode (PGE). The presented modied electrode showed an
excellent sensitivity compared with other reported electro-
chemical and HPLC methods.18–29

The main aim of this study is to investigate the role of rGO in
facilitating the charge transfer between the AgNPs and the
polymerized BB on PGE surface. The modied electrode was
characterized by cyclic voltammetry (CV), square wave voltam-
metry (SWV), linear sweep voltammetry (LSV), electrochemical
impedance spectroscopy (EIS). Scanning electron microscope
(SEM) was used to follow the morphological properties of the
electrode aer each preparation step. The formation of GO and
AgNPs–rGO was conrmed using Raman and FT-IR spectros-
copy. The proposed SWV method was optimized, validated and
successfully employed for determination of RS in pharmaceu-
tical tablet and human plasma following ICH guidelines.32

Experimental

All chemicals, instruments and the preparation steps were
mentioned in the ESI.† The fabrication process of the newly
developed electrode was shown in Scheme 1.

Results and discussion
Characterization of AgNPs–rGO/PBB modied electrode

FT-IR and Raman spectroscopy characterization of AgNPs–
rGO hybrid nanocomposite. GO was prepared following the
modied Hummer's procedure,2 the synthesized GO powder
was characterized using FT-IR and Raman spectroscopic tech-
niques. As shown in Fig. S1A (shown in ESI†), the FT-IR spec-
trum of graphite exhibited no signicant peak indicating the
chemical inertness of graphite, while GO spectrum showed
This journal is © The Royal Society of Chemistry 2019
various functional groups. An intense peak at 3430 cm�1 is
attributed to O–H stretching vibration indicating the presence
of OH or COOH groups in GO structure. The peak at 1732 cm�1

is due to stretching vibration of carbonyl group (C]O), while
O–H deformation is observed at 1410 cm�1 and C–O stretching
vibration of alkoxy group (1050 cm�1) is also observed.33

In situ deposition of AgNPs–rGO on the electrode surface was
achieved electrochemically via reduction of oxygen groups
present on the surface of GO. The fabricated AgNPs–rGO elec-
trode was further characterized bymonitoring Raman spectra of
both GO and AgNPs–rGO. Fig. S1B† shows the recorded Raman
spectrum of GO which displays two main peaks at 1349 and
1595 cm�1 corresponding to D and G bands, respectively.31

Comparing with GO, the Raman spectrum of AgNPs–rGO was
recorded in which D and G bands were shied to lower wave-
numbers at 1347 and 1591 cm�1 which is attributed to the
reduction of GO during the electrodeposition process. Addi-
tionally, the Raman spectrum of AgNPs–rGO showed a greater
intensity compared to GO, which conrms the incorporation of
AgNPs to rGO nanocomposite and the surface enhanced Raman
scattering (SERS) produced by AgNPs.34 The electrochemical
deposition was carried out using cyclic voltammetric technique,
where different factors such as the GO concentration and
deposition potential were optimized. The maximum current
peak of RS was obtained using 0.25mgmL�1 GO using potential
ranged from 0 V to �1.5 V at 100 mV s�1 scan rate.

Scanning electron microscopy (SEM) characterization. In
order to follow the morphological changes that appear on the
surface of PGE during the preparation procedures, SEM images
of bare PGE, PBB layer and AgNPs–rGO/PBB surfaces were
collected. Fig. 1A shows the characteristic features of bare PGE
surface with wrinkling and overlapped sheets. Aer polymeri-
zation of BB monomers on PGE surface (Fig. 1B); a rough and
porous surface is clearly seen with the formed occulated
structures indicating the formation of PBB platform. In Fig. 1C,
there are bright particles formed aer the in situ electro-
deposition of AgNPs–rGO on PBB platform which provides
a good dispersion of AgNPs all over the surface of the electrode.
RSC Adv., 2019, 9, 7136–7146 | 7137
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Fig. 1 Schematic diagram of the bi-layered modified electrode accompanied with SEM images of the boundaries surface of (A) bare PGE, (B)
PBB/PGE and (C) AgNPs–rGO/PBB.
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Electrochemical behavior of AgNPs–rGO/PBB toward RS
electro-oxidation. To demonstrate the electrochemical perfor-
mance of the modied electrodes, cyclic voltammograms of RS
were scanned using bare PGE, rGO/PBB and AgNPs–rGO/PBB
electrodes (Fig. 2A). Comparing with rGO/PBB and bare PGE,
the enhancement effect of AgNPs–rGO/PBB modied electrode
on the oxidation current peak of 3.5 � 10�7 mol L�1 RS was
observed at 1.15 V (vs. Ag/AgCl). Additionally, SWV technique
was utilized to investigate the electrocatalytic oxidation
behavior of RS using bare PGE and glassy carbon electrode
(GCE).

It can be revealed that rGO enhances the electroactive
properties of the studied electrode; this behavior may be
attributed to the synergistic effect of rGO incorporated with
silver nanocomposites. The improved performance is based on
facilitating the electron transfer between the outer layer AgNPs–
rGO and the inner PBB layers through the conducting material
rGO. Additionally, increase the surface active area of the studied
electrode caused by AgNPs incorporation could be another
reason for the improved electroactive properties.35
7138 | RSC Adv., 2019, 9, 7136–7146
In order to demonstrate rGO signicance on the electrode
performance, an overlay of another modication, AgNPs/PBB
electrode without using rGO, was constructed and compared
electrochemically with AgNPs–rGO/PBB toward electro-
oxidation of RS (Fig. 2B). The AgNPs/PBB exhibited a lower
activity towards RS oxidation. This decline in the electrical
response conrms the signicance of rGO as a conducting
element providing an excellent charge transfer between the
presented layers.36

Optimization of the inner poly brilliant blue layer (PBB). As
the thickness of the polymer layer affects the electro-catalytic
activity of the modied electrode, the optimal conditions of
BB polymer growth on the modied electrode were investigated.
From the obtained results (Fig. 3A–C), it was found that the
optimum potential range of the BB electro-polymerization
process is �0.5 V to 1.5 V using 100 mV s�1 scan rate for 7
multiple cycles.

Effect of scan rate and the suggested electro-oxidation
mechanism of RS. The effect of scan rate ranged from 0.05 V
to 1.0 V s�1 was investigated at AgNPs–rGO/PBB modied
This journal is © The Royal Society of Chemistry 2019
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Fig. 2 (A) CV curves of RS recorded at bare PGE, rGO/PBB and AgNPs–rGO/PBB in 0.15 mol L�1 H2SO4 under the optimum conditions and (B)
SWV curves of 3.5 � 10�7 mol L�1 of RS at different electrodes.

Fig. 3 Effect of electro-polymerization parameters (A) initial potential (B) number of polymerization cycles and (C) concentration of BB on the
current intensity of 3.5 � 10�7 mol L�1 RS recorded at the modified electrode.
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electrode. According to Randles–Ševćiks equation, the peak
current is directly proportional to the scan rate.37 Fig. 4 shows
an increase in the anodic peak current accompanied with a shi
in the anodic peak potential to more positive values with
increasing the scan rate, which is observed when the oxidation
reaction is irreversible. A good linearity was obtained upon
plotting the anodic peak current against the studied range of
scan rate following the equation below:
This journal is © The Royal Society of Chemistry 2019
Ip (mA) ¼ 105.5 + 31.5n, (R ¼ 0.9972)

Fig. 5 describes the linear plot of log Ip versus logarithm of
scan rate (log n) which can be described by the following
regression equation:

log Ip (mA) ¼ 2.09 + 0.473 log n, (R ¼ 0.9949)
RSC Adv., 2019, 9, 7136–7146 | 7139
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Fig. 4 The effect of different scan rates on CV curve of 3.5 �
10�7 mol L�1 RS. Inset: dependence of oxidation peak current (Ip/mA) of
RS on scan rate (V s�1).

Fig. 5 Dependence of the logarithm of peak current (log Ip/mA) and
the oxidation peak potential (E/V) on logarithm of scan rate (V s�1).
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The slope of the above linear equation was calculated to be
0.47, a result close to the theoretical value of 0.5 predicted by
Randles–Ševćiks equation for the diffusion-controlled process.
Additionally, the relationship between the peak potential E and
logarithm of scan rate (log n) was plotted and provided a linear
regression equation as follow:

E (V) ¼ 1.14 + 0.087 log n, (R ¼ 0.9969)

Based on Laviron equation,38 a relationship between the
potential and the scan rate, the number of electron (n) trans-
ferred in the rate limiting step can be calculated as given by the
following equation:

Slope of the plot E versus log n ¼ 2.2303RT/anF
7140 | RSC Adv., 2019, 9, 7136–7146
R is the universal gas constant (8.314 J mol�1 K�1), taking T with
298 K, a is the transfer coefficient (¼0.5 in totally irreversible
reactions) and F is the Faraday constant (96.480 C mol�1). Aer
substitution the slope with 0.087, the value of anwill be equal to
0.62 and the number of electron is estimated to be 1.2 (z1.0
electron) which is in agreement with the previously reported
researches discussing electro-oxidation of RS.19–21 As it previ-
ously reported, the electro-oxidation process of RS is based on
Kolbe electrolysis reaction of the carboxylic acid group. This
reaction is based on decarboxylation dimerization of two
carboxylate ions. The protonated carboxyl group loses one
electron and one proton in an irreversible oxidation reaction
with the formation of a carboxyl radical. Due to the instability of
this radical, it rapidly loses carbon dioxide (CO2), producing a C-
centered radical. Finally, the C-centered radicals suffer
a coupling to produce the dimer.39 The scheme as reported for
the RS oxidation reaction is shown in ESI (Fig. S2†).

Electrochemical characterization of the modied electrode
using potassium ferricyanide. The electrochemical perfor-
mance of the bare and modied PGE electrodes were evaluated
using the redox activity of 1.0 mmol L�1 potassium ferricyanide
K3[Fe(CN)6] in 0.5 mol L�1 of KCl using CV technique (Fig. 6A).
The enhanced performance of AgNPs–rGO/PBB modied elec-
trode was clearly shown in terms of higher peak current inten-
sities of the reduction–oxidation peak of potassium ferricyanide
redox system. This behavior was further conrmed by carrying
out electrochemical impedance spectroscopy (EIS) experiments
that showed lower series resistance for each of the modied
electrodes than the bare one.

The interfacial properties of the modied electrodes were
studied using EIS method. Fig. 6B represents the Nyquist plots
of the three different studied electrodes, namely (1) bare PGE,
(2) AgNPs/PBB and (3) AgNPs–rGO/PBB. It was performed at
a potential amplitude of 10 mV at frequency range of 1.0 Hz and
10 KHz. Rct is the diameter of the semi-depressed circle and
corresponds to charge transfer process across PGE electrode,WS

is the generalized Warburg impedance for nite diffusion of the
reactants. The Nyquist plot describes the charge transfer resis-
tance (Rct) and its relationship with the charge transfer across
the electrode surface. Rct values were calculated using Zview
soware (Z-view version 3.5d). The diameter of the semi-
depressed circle is the smallest in case of AgNPs–rGO/PBB.
The small values of Rct indicate the enhancement of the elec-
trical conductivity and the speed of the electron transfer. The
Nyquist plots of the modied electrodes show linear curves
indicating a diffusion behavior comparing with the bare elec-
trode which shows a clear circular curve. Fig. 6C represents the
change in charge transfer resistance of potassium ferricyanide
redox system as a result of different treatment on the PGE
electrode.

The overpotential (h) required at the current density (mA
cm�2) is considered a benchmark to evaluate the electro-
catalytic activity of the proposed electrode.40 As shown in
Fig. 7A, the modied electrode AgNPs–rGO/PBB achieved
a lower overpotential �0.68 V to reach 10 mA cm�2 current
density as compared to AgNPs/PBB (�1.06 V). The lower over-
potential value of AgNPs–rGO/PBB contributes to the higher
This journal is © The Royal Society of Chemistry 2019
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Fig. 6 (A) CV curves, (B) Nyquist plots of 1.0 mmol L�1 potassium ferricyanide in 0.5 mol L�1 KCl monitored on (1) bare PGE, (2) AgNPs/PBB and
(3) AgNPs–rGO/PBB electrode. Inset: enlarged view at lower frequency range, and (C) the corresponding histogram of change in charge transfer
resistance. Working conditions: scan rate 100 mV s�1 and potential range �0.2 V to 0.6 V.
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electrocatalytic activity. For better understanding the catalytic
kinetics of the studied electrodes, the Tafel plots (log j vs. h)
were constructed for the studied electrodes by monitoring
linear scan voltammetry (LSV) (Fig. 7B) at scan rate 10 V s�1 and
tted into the Tafel equation,

h ¼ a + b log j

where h is overpotential and j is the current density. The tted
Tafel plots of the bare PGE and the modied electrodes are
presented in Fig. 7C. AgNPs–rGO/PBB shows Tafel slope of
70 mV dec�1 lower than that of AgNPs/PBB (105 mV dec�1)
suggesting that AgNPs–rGO/PBB exhibits the best electro-
catalytic behavior over the other studied electrodes.

According to Randles–Sevcik equation, the surface active
areas of the studied electrodes have been calculated aer each
modication step:

Ipa ¼ (2.69 � 105)n3/2AeffDR
1/2C0n

1/2

where n is the number of electron transfer, Aeff is the surface
area of the electrode (cm2), DR is the diffusion coefficient (cm2

s�1), n is the scan rate (V s�1) and C0 is the concentration of
potassium ferricyanide (mol cm�2). The surface active areas of
bare, AgNPs/PBB and AgNPs–rGO/PBB were calculated to be: 44,
86 and 182.2 mm2, respectively. The results in Fig. 7D indicate
the enhancement effect of the incorporated rGO layer with
AgNPs supported on PBB platform causing a cumulative
increase in the surface active area and hence in the oxidation
peak current of RS on the fabricated electrode.
This journal is © The Royal Society of Chemistry 2019
Effect of supporting electrolyte pH and voltammetric
parameters. In order to develop a highly sensitive and selective
response of the modied electrode, several parameters such as
pH of supporting electrolyte and various instrumental param-
eters that affect the electro-oxidation of RS have been opti-
mized. The pH of the supporting electrolyte has a signicant
effect on the electro-oxidation of RS at the modied electrode.
The electro-oxidation of RS (2.5 � 10�7 mol L�1) was investi-
gated over pH range 2.5–8.0 in different electrolytes. It was
found that oxidation peak current increases with decreasing pH
value until it reaches pH 2.5. Therefore, different acid solutions
such as sulphuric, hydrochloric, acetic and phosphoric acid
were tested, and sulphuric acid showed the highest results.
Further, different concentrations of sulphuric acid over the
range 0.05–0.25 mol L�1 were tried. Sulphuric acid of
0.15 mol L�1 was selected as the optimum concentration for RS
determination which well agreed with the previously reported
method.21 In addition, different SWV parameters were opti-
mized, including; pulse height, step height, frequency, initial
potential and deposition time. Table 1 summarized the inves-
tigated parameters and the obtained results that give the
maximum response aer optimization.

Validation of the proposed method

Linearity and detection limit. Under the optimum condi-
tions; SWV method was utilized for construction of RS calibra-
tion plot over the concentration range of 5 � 10�9 to 5 �
10�7 mol L�1 using a scan rate of 40 mV s�1 (Fig. 8). The limit of
detection (LOD ¼ 3Sb/m) and the limit of quantitation (LOQ ¼
RSC Adv., 2019, 9, 7136–7146 | 7141
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Fig. 7 (A) Histograms of the overpotential required for 10mA cm�2 current density, (B) LSV polarization curvesmonitored at low scan rate (10mV
s�1) showing the catalytic activity of the studied bare and modified electrodes, (C) Tafel plots of AgNPs–rGO/PBB, and AgNPs/PBB and (D)
histograms of the surface active areas of the studied electrodes.

Table 1 Optimization of SWV parameters for the determination of RS
using AgNPs–rGO/PBB modified electrode

Parameters Studied range Best response

Pulse height (mV) 3 to 30 15
Step height (mV) 1 to 30 10
Frequency (Hz) 50 to 250 200
Initial potential (V) �0.6 to 0.6 0.0
Deposition time (s) 10 to 180 30

Fig. 8 Linear plot between the oxidation peak current and different
concentrations of RS. Inset: SWV curves of RS monitored on the
studied modified AgNPs–rGO/PBB electrode.
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10Sb/m); where Sb is the standard deviation of the intercept and
m is the slope of the calibration line are equal to 2.17 � 10�9

and 6.66 � 10�9 mol L�1, respectively. All the linear regression
parameters of the proposed method are presented in Table 2.

Precision. To investigate the stability of the AgNPs–rGO/PBB
performance, the precision of the proposedmethod was studied
through inter- and intra-day repeatability measurements. Intra-
day precision was evaluated by repeating the analysis of three
different concentration levels of RS working solution. This study
was repeated over a period of three working days to study the
inter-day repeatability. The intra- and inter-day precision were
expressed as relative standard deviation (% RSD) which was
found to be less than 3.96%, indicating high stability, good
repeatability and reproducibility of the modied electrode
(Table 2).
7142 | RSC Adv., 2019, 9, 7136–7146
Interference study. In order to estimate the selectivity of the
modied electrode for determination of RS, the effect of different
interfering compounds have been investigated. Hence, 2.5 �
10�7 mol L�1 of RS solution was determined using the proposed
This journal is © The Royal Society of Chemistry 2019
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Table 2 Statistical parameters and precision values of the proposed
SWV method using AgNPs–rGO/PBB modified electrode

Parameters The calculated value

Linearity range (mol L�1) 5 � 10�9 to 5 � 10�7

Intercept (mA) � SDa 25.5 � 2.34
Slope (mA (mol L�1)�1) � SDb 3.64 � 109 � 9.21 � 10�7

SSEc 50.1 � 10�8

Correlation coefficient (R) 0.9988
LODd (mol L�1) 2.17 � 10�9

LOQe (mol L�1) 6.66 � 10�9

Intra-day precisionf (% RSD, n ¼ 3g) #3.45
Inter-day precisionf (% RSD, n ¼ 3g) #3.96

a Standard deviation of intercept. b Standard deviation of slope. c Sum
of square errors. d Limit of detection. e Limit of quantitation.
f Relative standard deviation. g Mean values of three measurements at
three different concentration levels.

Table 3 Interference study using different concomitant substances
found in the pharmaceutical formulations of RS

Concomitant substances Ratio, RS : concomitant Recovery% � SDa

Ascorbic acid 1 : 10 98.6 � 0.56
1 : 100 97.7 � 0.77

Citric acid 1 : 10 98.4 � 0.82
1 : 100 96.7 � 0.98

Starch 1 : 10 99.6 � 1.34
1 : 100 97.7 � 0.9

Magnesium stearate 1 : 10 100.6 � 0.66
1 : 100 99.7 � 0.77

Uric acid 1 : 10 99.1 � 1.32
1 : 100 97.4 � 0.45

Glucose 1 : 10 99.9 � 0.33
1 : 100 97.0 � 0.18

Sucrose 1 : 10 99.4 � 0.72
1 : 100 99.1 � 0.23

a Average of three determinations.

Table 4 Determination of RS in commercial pharmaceutical tablets and

Sample
Labeled content
(mg per tablet)

Recovery% � SDb

Proposed method

Rosuvast® 5 4.87
97.4 � 1.1

Merosatin® 10 9.86
98.6 � 0.8

Suvikan® 20 19.9
99.5 � 0.4

Sample Added amount (mol L�1)

Human plasma 1 � 10�8

10 � 10�8

20 � 10�8

40 � 10�8

a Theoretical values at 95% condence limit, t ¼ 2.776 and F ¼ 19. b Aver

This journal is © The Royal Society of Chemistry 2019
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modied electrode in the absence and presence of the following
substances: ascorbic acid, citric acid, starch, glucose, sucrose,
uric acid and magnesium stearate. As presented in Table 3, the
ratio of RS/concomitant has been adopted to be 1 : 10 and
1 : 100. The adopted ratio 1 : 100 is much higher than that found
in RS pharmaceutical dosage forms, as these substances are used
in pharmaceutical formulations at a mass concentration of 2–5%
m/m. From the presented results in Table 3, it can be inferred
that there is no signicant interference from these matrices on
the voltammetric determination of RS.

Determination of RS in pharmaceutical tablets and human
plasma. In order to demonstrate the applicability of the modied
electrode as a sensing probe of RS in complicated matrices, RS
concentrations were monitored in two different matrices; phar-
maceutical dosage forms and human plasma. Initially, three
pharmaceutical tablets with different RS contents were
purchased from local market and analyzed using the modied
electrode. The accuracy was studied and good recoveries were
obtained (96.6–99.5%) with good agreement with the claimed
amounts as shown in Table 4. The obtained results were statis-
tically compared to those obtained by another reported method
of RS determination.12 The calculated t and F values at 95%
condence level were less than the tabulated ones indicating the
high accuracy of the developed voltammetric method.

The recovery of RS from human plasma samples was
measured by spiking the plasma sample with known amount of
RS standard solution at four different concentration levels.
Table 4 shows the found amounts and the calculated recovery
percentages of RS quantitation in human plasma samples aer
simple liquid–liquid extraction method. The obtained recov-
eries, ranged from 97.2 to 101.2%, indicate the analytical utility
and the potentiality of the modied electrode to be used as an
ultra-sensor for voltammetric determination of RS with excel-
lent sensitivity and reproducibility.

Comparative study of the proposed and the previously re-
ported methods. The sensitivity of the proposed method was
compared with different reportedmethods for determination of RS
spiked human plasma using AgNPs–rGO/PBB modified electrodea

F-test
value

t-test
valueReported methodc

4.92 2.346 0.634
98.7 � 0.8
9.69 1.126 0.279
96.9 � 1.6
19.5 1.435 0.973
97.6 � 0.3

Found amount (mol L�1) Recovery% � SDb

0.99 � 10�8 99.5 � 1.0
10.1 � 10�8 101.2 � 0.3
19.7 � 10�8 98.6 � 1.0
38.9 � 10�8 97.2 � 0.5

age of three determinations � SD. c Ref. 12.

RSC Adv., 2019, 9, 7136–7146 | 7143
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Table 5 Comparison between the proposed SWV method and the previously reported methods

Analytical method LOD (mol L�1) Ref.

Proposed voltammetric method using AgNPs–rGO/PBB 2.17 � 10�9 This method
Capillary electrophoresis 1.0 � 10�6 14
HPTLC 11 � 10�9/band 17
Electrochemical method using glassy carbon electrode (GCE) 0.3 � 10�7 18
HPLC/DAD 0.4 � 10�7 18
UPLC/DAD 0.3 � 10�7 18
Voltammetric using carbon nanotubes and graphene oxide
electrode

6.0 � 10�8 19

Electrochemical using a boron-doped diamond electrode (BDD) 1.04 � 10�6 21
Electrochemical using HMDE 0.01 � 10�6 22
Electrochemical using static mercury drop electrode (SMDE) 1.2 � 10�6 23
HPLC/FL 0.1 � 10�6 26
HPLC/UV 0.1 � 10�6 28
LC/MS 0.3 � 10�7 29
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either in pharmaceutical dosage forms or in biological uids. As
shown in Table 5, the proposed method is considered the superior
in sensitivity compared with all electroanalytical methods and
most of the previously reported chromatographic methods for RS
determination. Moreover, PGE provides another advantage of the
proposed method, as it is simple, with high electrochemical reac-
tivity, cost effective and more environmentally friendly electrode.
Conclusion

An electrochemical sensing platform was constructed using
rGO and silver nanocomposites to modify pencil graphite
electrode. The AgNPs–rGO/PBB bilayered sensor was developed
using in situ electro-deposition of rGO and AgNPs hybrid. The
modied electrode was characterized using different methods;
CV, SWV, LSV, electrochemical impedance, SEM images, FT-IR
spectroscopic and Raman spectroscopic methods. The electro-
catalytic behavior of the studied electrodes has been further
evaluated by calculating the overpotential at current density 10
mA cm�2 and the Tafel slopes from the tted Tafel plots. It has
been concluded that the in situ electrochemical deposition of
AgNPs–rGO over PBB platform enhanced the performance of
the studied electrode. This behavior may be attributed to the
synergistic effect of the conducting properties of rGO and
increasing the surface active area as a result of silver nano-
composites incorporation. The increase in the contacted area of
the studied analyte on the electrode surface was conrmed by
calculating the surface active area using Randles–Sevcik equa-
tion. The obtained electrochemical sensing platform was
successfully applied for the ultra-trace determination of RS in
pure, pharmaceutical dosage forms and human plasma with
detection limit of 2.17 � 10�9 mol L�1.
Ethical approval

The application on human plasma samples was performed in
accordance with the Declaration of Helsinki and approved by
the Egyptian Network of Research Ethics Committees (ENREC).
Informed consents were obtained from human participants of
this study.
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