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Abstract
Graphene-based inorganic layered materials have developed as a versatile, new class of nanomaterials and drawn huge 
scientific interest, owing to its thickness-dependent physical properties, exfoliated two-dimensional crystals in various 
technological and industrial applications. This work is the first demonstration of the fabrication of low dimensional bismuth 
selenide (Bi2Se3) NPs functionalized reduced graphene oxide (rGO) on the platinum electrode (Pt-E) for the ultra-sensitive 
and simultaneous detection of acetaminophen (ACT) and L-DOPA (LD) in the presence of ascorbic acid (AA) in various bio-
logical samples and pharmaceuticals. The constructed electrode accelerates the electron transfer reactions of LD and ACT 
without interfering with the electron transfer reactions of AA, which was an electroactive coexisting chemical. At pH 6.0 in 
0.1 M phosphate buffer solution, Bi2Se3 NPs/rGO/Pt-E showed a sixfold and fivefold increase in cyclic voltammetry for LD 
and ACT signals, respectively, when compared to bare Pt-E. Under the optimal conditions, differential pulse voltammetry 
(DPV) demonstrated that the anodic peak currents were linearly dependent on the concentrations of LD (0.006–0.25 mM) and 
ACT (0.0045–0.14 mM) at anodic peak potentials of + 0.25 and + 0.52 V, respectively. With a signal to noise (S/N) ratio of 
3, acceptable detection limits of 0.23 and 0.17 M were achieved for both LD and ACT, with strong intra- and inter-electrode 
repeatability. Overall, the fabricated nanosensor offered numerous advantages including ease to fabricate, ultra-sensitivity, 
good stability, and reproducibility towards the detection of LD and ACT in various bioloical samples and pharmaceuticals. 
The amounts of LD and ACT were also identified in commercial pharmaceuticals and synthetic urine samples to validate 
the applicability of the modified electrode.
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Introduction

Parkinson’s disease (PD) is one of the life-threatening 
diseases caused by an imbalance production of dopamine 
in the brain [1]. This can be prevented by increasing the 
dopamine levels with various drugs such as Levodopa 
(L-3,4-dihydroxyphenylalanine, LD). In humans, the LD 
can be biosynthetically prepared from non-essential amino 
acid such as tyrosine. However, the LD can autoxidize in 
the peripheral system and leads to various side effects, 
for instance, dyskinesia, vomiting, nausea, paranoia, 
and schizophrenia [2]. Therefore, it is essential to con-
trol its dosage by detecting the amount of LD. Keeping 
in mind, different analytical approaches have been pro-
posed, including high-performance liquid chromatogra-
phy [3], spectroscopy [4], flow injection analysis [5], gas 
chromatography [6], and capillary electrophoresis [7] for 
the determination of LD in pharmaceutical and biological 
samples.

Moreover, Acetaminophen (ACT) or Paracetamol is 
one of the most extensively used drugs for reducing fevers 
originated from bacteria or viruses, and pain caused by 
arthritis, backaches, headaches, and post-operation aches. 
Further, the patients those sensitive to aspirin can use ACT 
as an effective substitute and it is safe up to therapeu-
tic doses. The ACT has an admirable safety profile due 
to its highest (90%) absorption capacity by the organism 
and then excreted through urine. However, higher doses 
of AC can cause nephrotoxicity and severe or sometimes 
fatal hepatotoxicity. Therefore, to determine ACT levels, 
several analytical procedures have been developed in the 
literature such as near-infrared transmittance spectroscopy 
[8], spectrofluorimetry [9], and high-performance liquid 
chromatography [10], spectrophotometry [11], capillary 
electrophoresis [12]. However, these methods are still 
limited due to their process complexity, non-economic, 
prolonged time for analysis. Whereas electrochemi-
cal techniques have superior advantages such as cost-
effectiveness, sensitivity, rapidness, simplicity, and user 
friendly. Moreover, it is renowned that chemically modi-
fied electrodes are widely used in various fields such as 
clinical, environmental applications as a selective and sen-
sitive analytical tool. Recently, researchers are focused on 
the design and development of sensors using the electrodes 
modified with nanocomposites, results in the amplification 
of electroanalytical signals [13]. By utilizing these fea-
tures, electrodes modified with various functional materi-
als including Au–Pd/NPSS [14], 4-MoPD/MWCNTs [15], 
g-C3N4-E-PEDOT [16] and Poly (L-Dopa)/MWCNTs [17] 
has been used for the detection of ACT and LD.

Opiates were used by Parkinson’s disease patients, 
drugs, and acetaminophen treating neuropathic pain such 

as antiepileptics and antidepressants. The pharmacokinet-
ics of ACT will greatly change by altering the gastric emp-
tying with other drugs. In the human body, the absorption 
of ACT is exponentially dependent on gastric emptying 
[18]. Mostly, ascorbic acid (AA) is used as dietary food 
or medicine. Therefore, it is a great challenge to develop 
an analytical method to quantify drugs without the inter-
ference of AA for better health. The literature survey 
reveals that very few reports existed in the literature for 
the electrochemical detection of LD and ACT [18]. How-
ever, these methods have certain drawbacks such as low 
sensitivity and AA interference.

The sheets of graphene oxide (GO) are honeycomb-
shaped crystal structures made up of monolayers of carbon 
atoms, have recently attracted a lot of attention because of 
their large surface-to-volume ratio, superior chemical stabil-
ity, tuneable bandgap, and good thermal, mechanical, and 
electronic stabilities. [19]. The unique properties of the GO 
nanosheets motivated to utilize in various applications such 
as drug delivery, protein assays, biosensors and molecular 
probing of living cells [20].

Moreover, various nanostructures modified with GO such 
as MnO2, ZnO, CuO, and Cr3O4, etc., have been recognized 
as promising electron mediators for the fabrication of sensi-
tive electrochemical sensors [21]. Whereas packed advan-
tages of bismuth have been already explored as a success-
ful alternative electrode to substitute the noxious mercury 
electrode in anodic or cathodic stripping voltammetry [22]. 
In addition, various bismuth precursor materials were used 
as an electrochemical sensor, such as Bi2O3 [23], bismuth 
citrate [24], ammonium tetrafluorobismuthate [25], bismuth 
xerogel [26], bismuth phosphate[27]. It was demonstrated 
that the concentration of the bismuth precursors is greatly 
influenced the detection capabilities. Bismuth-related com-
pounds were greatly utilized in electro-analysis of phar-
maceuticals [28], hormones [29] pesticides [30], etc. As a 
result, innovative bismuth precursors are urgently needed 
in a variety of applications, including food [28], environ-
mental [28], and clinical analysis [31]. Bismuth-based nano-
materials, on the other hand, have significant benefits over 
bulk bismuth precursors due to their increased surface area, 
chemical, and physical properties. Recently, Bismuth chal-
cogenides such as Bi2Te3, Bi2S3, and Bi2Se3 have gained 
much interest due to their 2D structures and superior perfor-
mance for various applications [32]. The remarkable band 
gap approximately up to 0.3 eV of Bi2Se3 and its laminated 
structure with stacky layers (Se-Bi-Se-Bi-Se) makes it as a 
weak van der Waals interactions with the thickness of each 
layer of about 0.96 nm [32]. Overall, overcoming the limita-
tions of the literature and leveraging the unique features of 
rGO and Bi to make the suggested electrochemical sensor 
highly selective for concomitant sensing of LD and ACT in 
the sight of AA is a difficult challenge.
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In the present study, the Bi2Se3 NPs/rGO/Pt-E was suc-
cessfully fabricated for concomitant determination of LD 
and ACT in the presence of AA. The present electrode 
system successfully overcomes the overlapping of oxida-
tion peaks, resulted in the selective detection of targeted 
drugs compare to that of the unmodified electrode. Further-
more, reproducibility, ultra-sensitivity, stability, short-time 
response, vast linear range, and low detection limits made 
the Bi2Se3 NPs/rGO/Pt-E as a superior sensor.

Experimental

Chemicals and reagents

Levodopa (LD), Acetaminophen (ACT), Ascorbic acid 
(AA) standards of 97% analytical quality were obtained 
from Sigma Aldrich, Taiwan. For real sample analysis, 
LD and ACT pharmaceutical samples were obtained from 
a local pharmacy. Analytical grade bismuth (III) nitrate 
pentahydrate (Bi(NO3)3 0.5H2O) (98%), sodium selenite 
pentahydrate (Na2SeO3 0.5H2O) (99%), ethylene glycol, 
isopropyl alcohol, ethanol, nafion, were purchased from 
Sigma-Aldrich. Analytical grade disodium hydrogen 
orthophosphate and sodium dihydrogen orthophosphate, 
hydrochloric acid, sodium hydroxide, sulphuric acid were 
(Sigma Aldrich product) supplied by Uni-Onward Corpora-
tion (Taipei, Taiwan). Metrohm(Taipei, Taiwan) provided 
alumina powder with a particle size of 3 μm. Chiahlung 
(Taiwan) provided 99.9% of the nitrogen gas needed. Merck 
Millipore series water filtration provided deionized water for 
all solutions and samples (Merck SUPPORT, United States). 
For stability, all normal solutions were held at 4 °C in the 
Samsung refrigerator.

Instrumentation

All electrochemical measurements were carried out using 
Autolab/PGSTAT 204 connected to 663 VA stand and 
IME663 interface from Metrohm (Herisau, Switzerland) 
operated with a PC installed using NOVA 1.11 software. The 
three-electrode system consisting of the platinum electrode 
(Pt-E) with 3 mm diameter (working electrode), the platinum 
wire as a counter electrode, and Ag/AgCl as a reference elec-
trode were used to record voltammograms at room tempera-
ture. Prior to analysis, all solutions were purged with pure 
(99.99%) nitrogen gas for 10 min. The pH measurements 
(CRISON micro pH 2000 digital pH meter) were recorded 
on a which was previously calibrated with a precision of 0.1 
pH units using buffers of known pH. The as-prepared Bi2Se3 
NPs and Bi2Se3 NPs/rGO were well characterized as follows. 
Powder X-ray diffraction (XRD) using a Rigaku D/MAX-
2500 X-ray diffractometer with Cu Kα radiation (= 1.5406 

A°) at 40 kV and 20 mA was used to examine the crys-
tal structures of the samples. The UV–Vis-NIR spectra for 
rGO, Bi2Se3 NPs, and Bi2Se3 NPs/GO were recorded using 
a JASCO V-570 spectrometer in the wavelength range of 
350–1200 nm, with a resolution of 1 nm. The morphologies 
and elemental composition of the Bi2Se3 NPs and Bi2Se3 
NPs/rGO were analyzed by a JEOL JEM-2100 TEM cou-
pled with an EDXA analyzer as well as a JEOL, JSM-7000F 
SEM. A VG-ESCALAB 220 i-XL system was used for the 
XPS experiments. Bi2Se3 NPs/rGO samples were mounted 
on a sample holder and cleaned and measured in the same 
manner. The imaging capabilities of the system were used 
to regulate the probe zone on the surface. The chamber’s 
base pressure was around 6 × 10–8 Pa, and the sample was 
not contaminated during the measurements.

Synthesis of rGO, Bi2Se3 NPs and Bi2Se3 NPs/rGO 
nanocomposite

Reduced graphene oxide was synthesized using the pristine 
graphite flakes as a starting material following by the modi-
fied Hummers process [33]. The Bi2Se3 NPs was synthesized 
by the reported procedure [34] with some modifications: 
1 mM of Bi(NO3)3 and 1.5 mM of Na2SeO3 were stirred for 
1 h in 35 mL of ethylene glycol after dissolving, the reac-
tion mixture temperature was raised to 260 °C for 5 h and 
then cool down to room temperature. Isopropyl alcohol was 
added to the reaction mixture to precipitate the Bi2Se3 NPs, 
followed by acetone washings to remove unreacted com-
ponents, ethylene glycol, and oven drying for 6 h at 50 °C.

Preparation of Bi2Se3 NPs/rGO nanocomposite

Bi2Se3 NPs/rGO hybrid dispersion was prepared as follows: 
Typically, Bi2Se3 NPs (0.5 mg mL−1) and 0.5 mg mL−1 of 
rGO were added in 1 mL of ethanol: water (2:3) mixture. 
Finally, to the mixture, 100 µL of Nafion was added and 
sonicated for 1 h in an Elmasonic S40, 140 W sonication 
bath. Nafion acts as a binder to the electrode surface. Before 
modification of Pt-E, Bi2Se3 NPs/rGO nanocomposite was 
agitated for 4 h.

Preparation of working electrodes

A bare Pt-E was manually polished to a mirror-like sur-
face with 3 µm alumina slurry followed by the rinsing with 
deionized distilled water. Thenafter, 3–5 drops of concen-
trated nitric acid in a deionized distilled water was added to 
perform the electrochemical cleaning at a potential range of 
− 0.4–1.0 V for 30 cycles to remove physisorbed or chem-
isorbed materials from the surface of the electrode. After 
that, the Pt-E was coated with 6 µL of Bi2Se3/rGO by gen-
tly dropping it onto the surface of the electrode and widely 
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distributed with a tip followed by the drying in a 50 °C oven 
for 10 min to obtaine a Bi2Se3/rGO/Pt-E.

Preparation of stock solutions

In a 5.0 mL volumetric flask, standard solutions of AA, LD 
and ACT were prepared using appropriate quantities and fur-
ther diluted with deionized distilled water. Similarly, 100 mL 
of 0.1 M phosphate buffer was prepared using dihydrogen 
orthophosphate and disodium hydrogen orthophosphate in 
deionised distilled water. The optimum pH of the solution 
was set to 6.0 by adding the appropriate amount of NaOH/
HCl and stored at 4 °C. These solutions were cleaned before 
voltammetric measurements with a disposal syringe having 
a 25 mm diameter, 0.45 mm pore size cellulose filter.

Preparation of ACT and LD pharmaceuticals 
and synthetic urine samples

The ACT pharmaceuticals were prepared by crushing the 
three Ancogen tablets (250 mg mL−1, Hua Shin Chemical 
Pharmaceutical works CO., LT, Taiwan) and three SOMA 
tablets (250 mg mL−1, Standard Chem & Pharm CO., LTD, 
Taiwan) to a fine powder. An equivalent one tablet weight of 
the powder was dissolved in 25 mL of 0.1 M PBS at pH 6.0, 
ultrasonicated for 5 min, and diluted to 100 mL with PBS. 
The quantification of ACT and LD were performed with 
DPV using a regression equation. Similarly, LD in 1 mL 
of dopamine injection (40 mg mL−1, Taiwan Biotech CO., 
LTD) was prepared by diluting 50 mL of 0.1 M PBS at pH 
6.0.

The synthetic urine sample was prepared according to the 
literature [35]. 0.40 g KCl, 0.28 g CaCl2·2H2O, 0.73 g NaCl, 
0.35 g KH2PO4, 0.56 g Na2SO4, 25 g NH4Cl, and 6.25 g 
urea have been introduced to a 250 mL of volumetric flask 
with deionized distilled water. As synthetic urine samples 
were doped with three different concentrations of LD: 10, 
15, and 25 µM and ACT: 10, 20, and 30 µM, respectively, 
and aliquots of each sample were diluted with supporting 
electrolyte solution and the final solutions were analyzed.

Procedure for the electrochemical measurement 
of LD and ACT​

A 10 mL of 0.1 M PBS was added to an electrochemical 
cell equipped with bare Pt-E or Bi2Se3 NPs/rGO/Pt-E as a 
working electrode. After achieving low background current 
by several cyclic sweeps, an aliquot (analyte solution) was 
added and a pre-concentrated potential was applied with a 
stirring (400 rpm) of solution. The stirring was stopped at 
the end of the pre-concentration time and allowed for 5 s 
equilibration period to become inert. The DPV was recorded 
using the bare or Bi2Se3 NPs/rGO/Pt-E by positive scanning 

mode at a rate of 0.1 V/s, for each measurement, the working 
electrode was cleaned with deionized distilled water.

Results and discussion

Characterization of Bi2Se3 NPs/rGO nanocomposite

Bi2Se3 NPs were synthesized by high-temperature reaction 
and further fabricated on graphene oxide through sonica-
tion process and characterized using different spectroscopic 
techniques. With scanning electron microscopy (SEM) and 
transmission electron microscopy (TEM), the morphologies 
and nanostructures of as-prepared Bi2Se3 NPs and Bi2Se3 
NPs/rGO were investigated. The layer structure of Bi2Se3 
NPs is depicted in SEM pictures (Fig. 1A, B), with some 
showing truncated trigonal morphology with an average size 
of 0.8–0.9 m. Some are generated in the intermediate stage 
and show truncated trigonal morphology with an average 
size of 0.8–0.9 m. Furthermore, as shown in Fig. 1B, the 
Bi2Se3 NPs were well penetrated by thin layers of rGO. In 
the image, the curves and outlines of overlap between two 
nanoplates could be seen. Low magnification bright-field 
TEM was used to corroborate the hexagonal morphology of 
the Bi2Se3 NPs, as shown in Fig. 1C.

The selected area electron diffraction (SAED) pattern 
(Fig. 1D) has a sixfold symmetry with a [0 0 1] zone axis 
pattern, which matches the prior study [36]. Figure 1E, F 
depict a thin layer of rGO nanosheets and hexagonal Bi2Se3 
NPs wrapped in rGO layers, respectively. The chemical com-
position of Bi2Se3 NPs was determined by energy dispersive 
X-ray analysis (EDXA). The strong characteristic signals of 
Bi2Se3 NPs for Bi and Se at 1.9 kev, 2.52 keV and 1.47 keV 
respectively, as shown in Fig. 2A. The obtained results were 
in comparison with the literature [37, 38]. However, the 
weak signals of carbon, oxygen and copper at 0.25, 0.5, 1.0, 
5.3 and 8 keV were observed due to the usage of copper grid 
during the anslysis of transmission electron microscope. In 
the case of synthesis of AgNPs and AuNPs by the Singh and 
co-workers, similar minor peaks were also observed in the 
spectra of EDXA [39].

Furthermore, the synthesized Bi2Se3 NPs was also char-
acterized by elemental mapping, in which the weight per-
centage (wt %) and of bismuth (Bi M) and selenium (Se L) 
were found to be 62.34% and 37.66% and atomic percentage 
(at %) of Bi M and Se L were 38.47% and 61.53%, respec-
tively, as shown in Table 1. These results demonstrated that 
the at % of Bi M to Se L was found to be approximately 2:3, 
confirming the product to be Bi2Se3 [38].

The powder XRD patterns of the Bi2Se3 NPs, rGO, and 
Bi2Se3 NPs/rGO samples also confirmed phase composi-
tion and structural characteristics, as shown in Fig. 2B–D. 
Figure 2B shows the observed typical diffraction peaks 
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of carbon in rGO (001) at 2θ = 10o. XRD pattern for the 
orthorhombic structure of Bi2Se3 was illustrated in Fig. 2C. 
The obtained XRD diffraction peaks are consistent with the 
reported values (JCPDS Card No.33-0214) as per literature 
[40–42]. According to the previous study, (0 1 5), (1 0 1 
0), (1 1 0) facets are the three strongest diffraction peaks at 
2θ = 41.3°, 44.5°, 48.7° for Bi2Se3 NPs with reference to our 
previously reported paper [34]. Whereas a typical diffraction 
peak of rGO at 2θ = 18.4° has been noted in the XRD pattern 
of Bi2Se3 NPs/rGO nanocomposite as illustrated in Fig. 2D.

This indicates the proper matching of lattices between the 
counterparts which is favorable for the stability of nanocom-
posite. The UV–visible absorption spectrum of suspended 
rGO nanosheets is shown in Fig. 2E. The major absorption 
peak at about 230 nm is due to the π → π* transitions of 
aromatic C–C bond, and a shoulder at about 300 nm can 
be assigned to the π → π* transitions of C=O bonds which 
confirms the existence of oxygen functional groups in rGO 
nanosheets [43].

UV–vis-NIR spectra of graphene oxide have strongly 
dropped NIR absorbance however, Bi2Se3 NPs and Bi2Se3 

NPs/rGO having broad NIR absorbance due to the strong 
absorption of light. XPS was used to investigate the sur-
face chemical composition of Bi2Se3 NPs/rGO nanocom-
posite. The high-resolution spectra were recorded at a nar-
row energy range as shown in Fig. 2F. The major elements 
present in the composite Bi, Se, C, and O were determined 
at 157.8–163 eV, 53.7–54.3 eV, 284–289 eV, and 532 eV, 
respectively.

Figure 3A, B shows the C1s and O1s XPS spectra of 
rGO, respectively. The C–C and C–H binding energies were 
assigned at 284.5–285 eV, and chemical shifts of C–OH, 
C=O, and O=C–OH functional groups are + 1.5, + 2.5 
and + 3.7 eV, respectively [44]. The high-intensity peak at 
532 eV represents the presence of a high amount of oxygen 
in the form of carboxylic, alcoholic groups in the composite 
(Fig. 3A). The high-resolution spectra of Bi4f (Fig. 3C) and 
Se3d (Fig. 3D) indicating that Bi4f peak exhibited much 
higher intensity than that of Se3d peak. Furthermore, Bi4f 
spectra revealed peaks at 158.2 and 163.8 eV for Bi4f7/2 
and Bi4f5/2, respectively, which are consistent with literature 
[45]. Whereas, Se3d spectra showed a peak at 53.7 eV which 

Fig. 1   SEM images of A Pure Bi2Se3 NPs B Bi2Se3 NPs/rGO, TEM images of C Pure Bi2Se3 NPs D Bright field emission spectra of Bi2Se3 NPs 
E TEM images of rGO F TEM images of Bi2Se3 NPs/rGO
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corresponds to the bonding energy of the Se3d transition. 
According to the peak areas of Bi4f and Se3d, the atomic 
ratio of Bi/Se was 40.5:59.5, indicating that Bi2Se3 NPs were 
formed with a high density of selenium vacancies.

The atomic force microscopy (AFM) analyses were per-
formed to evaluate the surface morphology of the synthe-
sized Bi2Se3 NPs/rGO nanocomposite. The AFM amplitude 
images in Fig. 4 demonstrates a hexagonal nanoplate with 
rGO sheets. The height profile indicates that the thickness 
increased from the edge to the center and the nanocomposite 
was in the size of 41 nm.

Optimization of solution pH and accumulation time

The electrochemical reaction of the developed Pt-E to LD 
and ACT was investigated in various electrolyte solutions, 

including acetate buffer solution, Britton–Robinson buffer 
solution, and PBS at pH 6.0. The electrode had the highest 
sensitivity to LD and ACT of all the PBS solutions tested. The 
impact of pH on anodic peak potentials and anodic peak cur-
rents was also investigated. The DPV analyses were conducted 
for individual solutions of LD and ACT in the pH range of 
4.0–8.0. As shown in Fig. 5A, B, the anodic peak currents (Ipa) 
varied with pH. Both LD and ACT oxidation peak currents 
increased when the pH climbed from 4.0 to 6.0. However, as 
the pH rises, the peak current decreases, indicating sluggish 
electron transfer kinetics. PBS with a pH of 6.0 was utilized as 
a supporting electrolyte for the simultaneous electrochemical 
detection of LD and ACT in the mixture based on the results.

Furthermore, the DPV analyses revealed that the peak 
potentials varied linearly with pH (Fig. 5A, B), as stated in 
the equations below:

The findings showed that as pH increased, the oxida-
tion peak potentials of LD and ACT changed towards lower 

(1)Epa(V) = 0.62 − 0.062pH
(

R2 = 0.999
)

LD

(2)Epa(V) = 0.884 − 0.057pH
(

R2 = 0.9942
)

ACT

Fig. 2   A EDAX of pure Bi2Se3 NPs and in inset showing the Elemental mapping of Bi and Se B XRD for rGO C XRD for Bi2Se3 NPs D XRD 
for Bi2Se3 NPs/rGO E UV–Vis-NIR spectra for Bi2Se3 NPs, rGO and Bi2Se3 NPs/rGO F XPS spectra for Bi2Se3 NPs/rGO

Table 1   Analysis of elemental composition of Bi2Se3 NPs by EDXA

Element Weight % Atomic % Total

Bi M 62.34 38.47 100.00
Se L 37.66 61.53 100.00
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potentials, indicating that protons were transferred through-
out the electrochemical process of LD and ACT. The slopes 
of oxidation peak potential (Ep) vs. pH at 25  °C were 
62 mV/pH and 57 mV/pH for LD and ACT, respectively. 
These results demonstrated that the oxidation process of LD 

and ACT at Bi2Se3 NPs/rGO/Pt-E required a same number 
of protons and electrons, which was calculated as 2. Fig-
ure 5C, D represents the cyclic voltammograms of 0.5 mM 
LD and ACT recorded at Pt-E modified with rGO, Bi2Se3 
NPs and Bi2Se3 NPs/rGO. The results clearly demonstrated 

Fig. 3   XPS analysis for Bi2Se3 NPs/rGO composite A O1s B C1s C Bi D Se

Fig. 4   Atomic force microscopy (AFM) analyses of the synthesized Bi2Se3 NPs/rGO nanocomposite
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that the electrochemical signals obtained with Bi2Se3 NPs/
rGO were much higher than that of rGO and Bi2Se3 NPs in 
both cases.

Figure 6 represents the electrode mechanism of LD and 
ACT at Bi2Se3 NPs/rGO/Pt-E. The sensitivity of the elec-
trode towards analytes can be enhanced by accumulation 
studies that are simple and effective. Accumulation time 
and potential studies were carried out with 0.5 mM ACT 
and LD at Bi2Se3 NPs/rGO/Pt-E. Figure 7A depicts the 
effect of accumulation potential on ACT and LD oxidation 
peak currents. In the potential range of − 0.6–0.8 V, the 
variation in the anodic peak currents of LD and ACT with 
the accumulating potential was investigated. As shown in 
Fig. 7B, the anodic peak currents increased as accumula-
tion potential decreased from 0.8 to − 0.5 V. However, the 
peak current was unchanged with higher negative potentials. 
Therefore, − 0.2 V was chosen as accumulation potential for 
further studies. The influence of the accumulation period on 
the anodic peak currents of LD and ACT was investigated 
at a fixed accumulation potential of − 0.2 V, as shown in 
Fig. 7B. For achieving fair detection limits in voltammetry, 

accumulation time is an important factor. As the accumula-
tion time increases from 10 to 150 s, the peak current also 
increased. The extended accumulation time would give a 
better platform for the LD and ACT to complete their oxida-
tion reactions, leading in a greater peak current. However, 
when the accumulation time rose, the peak current remained 
unchanged due to the oxidized LD and ACT reaching satura-
tion of modified Pt-E. As a result, a 100 s accumulation time 
was chosen for further research.

Electrochemical characterization of Bi2Se3 NPs/rGO/
Pt‑E

The microscopic areas of the Bi2Se3 NPs/rGO/Pt-E were 
electrochemically measured using 1 M K3Fe(CN)6 as a 
probe solution with cyclic voltammetry (CV). One-electron 
transfer reaction (n = 1) was seen in the [Fe(CN)6]3−, which 
is one of the most investigated redox coupling reactions 
in the field of electrochemistry. The cathodic and anodic 
peak currents of the redox probe increase linearly with the 
increase in the scan rate increase from 10 to 210 mV/s. 

Fig. 5   Cyclic voltammograms recorded at different pHs (4.0–8.0) 
with 0.5  mM concentration of A LD B ACT (in inset) shows the 
effect of pH on peak potentials and current. Cyclic voltammograms of 

0.5 mM C LD and D ACT at a bare Pt-E b rGO/Pt-E c Bi2Se3 NPs/
rGO/Pt-E, inset: current comparison among three electrodes in both 
cases
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However, the cathodic and anodic peak potentials shifted to 
both negative and positive sides. The Randles–Sevcik equa-
tion was used to determine the microscopic area of bare and 
modified Pt-Es [46]:

The peak current, electrode surface area, K3Fe(CN)6 
concentration, number of electrons transferred, diffusion 
coefficient, and scan rate are represented by IP, A, C0, n, DR, 
and v, respectively. From the slope of the ipc–v1/2 graph, the 
DR was calculated as 6.7 × 10−6 cm2 s−1. The surface area of 
Bi2Se3 NPs/rGO/Pt-E was calculated as 0.752 cm−2, which 
is six times higher than that of bare Pt-E.

Furthermore, the current potential responses were exam-
ined to assess the electrochemical performance of the Bi2Se3 

(3)ipa = 2.69 × 105ACon
3∕2D

1∕2

R
v1∕2

NPs/rGO/Pt-E sensor for LD and ACT sensing in pharma-
ceuticals and biological samples. The microscopic areas of 
the electrodes are influenced by the peak responses of LD 
and ACT. In a phosphate buffer of pH 6.0 (10 mL) and scan 
rate of 10 mV/s, a comparison investigation was conducted 
on peak currents (ipa) utilizing CV. Peak currents were 
proportional to the amount of electroactive surface area. 
The electrochemical responses of LD and ACT at + 0.25 
and + 0.52 V (vs Ag/AgCl) representing curves a,b and c for 
bare Pt-E, rGO/Pt-E and Bi2Se3 NPs/rGO/Pt-E, respectively, 
as illustrated in Fig. 5C, D. Both compounds showed broad 
and weak intensity waves at + 0.25 and + 0.52 V due to the 
sluggish electron transport kinetics of the oxidation process 
at bare Pt-E. Modification of electrodes with rGO enhances 
the voltammetric signals (intensity anodic peaks) of LD and 
ACT at the same potentials.

Fig. 6   Fabrication of Pt-E with 
Bi2Se3 NPs/rGO nanocomposite 
and electrochemical mechanism 
for LD, ACT in  the presence 
of  AA

Fig. 7   Influence of accumulation A potential (V) B time on the oxidation peak current of 0.5 mM LD and ACT on Bi2Se3 NPs/rGO/Pt-E
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The catalytic mechanism behind the detection of LD and 
ACT depends on the n-type semiconducting behaviour of 
Bi2Se3 NPs due to the charges on the selenium vacancies 
leading to the lattice defects and resulted as electron donors. 
The covently bonded monolayers of five sets are in the order 
of Se-Bi-Se-Bi-Se, in which Se is assembled on either side, 
resulted as a bidentate ligand. During the electrochemical 
process, one electron trapping step occurs on the surface of 
Bi2Se3 at 0.41 V, converting Bi2Se3 NPs to Bi2Se3

·− species 
at − 0.60 V, which is stimulated upon oxidation. When LD 
and ACT interact with radical anion (Bi2Se3

·−), reduction 
occurs resulting in the conversion of Bi2Se3

·− to Bi2Se3, fol-
lowed by the oxidation of analytes. As a result, Bi2Se3 acts 
as an efficient electrocatalyst for the oxidation of LD and 
ACT, with the degree of oxidation proportional to the cur-
rent generated. Considering a previous study by Savariraj 
et al., 2019 where Bi2Se3 was used as an electrocatalyst to 
fabricate the non-enzymatic glucose sensor, Bi2Se3 has been 
used as a mediator to enhance the electron transfer between 
the electrode and analytes in the electrochemical detection 
of LD and ACT with Bi2Se3. [47].

For comparison, a study was performed on the LD and 
ACT response with Bi2Se3 NPs coated Pt-E, however, it is 
difficult to coated Bi2Se3 NPs alone due to low density and 
less adhesion property. The high loading of Bi2Se3 NPs and 
greater concentration of nafion on the surface of Pt-E shows 
no significant changes in the results as illustrated in Fig. 5C, 
D, where the peak currents achieved for both the compounds 
with rGO and pure Bi2Se3 NPs are almost in the same range. 
However, the electrochemical signaling of LD and ACT was 
greatly improved at Pt-E modified with rGO and Bi2Se3 NPs. 
The bar graph (inset Fig. 5C, D) exhibited relative current 
responses of three electrodes studied, demonstrating that the 
peak currents with Bi2Se3 NPs/rGO/Pt-E at 59.2 µA (LD) 
and 46.5 µA (ACT) were remarkably greater than that of 
currents obtained with bare Pt-E, rGO/Pt-E and Bi2Se3/Pt-E 
at 3.1 µA (LD), 5.2 µA (ACT) and 6.2 µA (LD), 10.4 µA 
(ACT) and 7.5 µA (LD) and 8.3 µA (ACT), respectively.

Using Bi2Se3 NPs/rGO/Pt-E, cyclic voltammetry was 
used to investigate simultaneous electrochemical detec-
tion of LD and ACT in the presence of AA, as shown in 
Fig. 8A. A well-defined anodic peaks were observed at 

Fig. 8   A Cyclic voltammograms for simultaneous detection 
of three analytes on Bi2Se3 NPs/rGO/Pt-E a AA b AA + LD c 
AA + LD + ACT and in inset response of Bi2Se3 NPs/rGO/Pt-E with-
out analytes B Cyclic voltammograms recorded at different scan rates 
at Bi2Se3 NPs/rGO/Pt-E and inset showing the plots of peak poten-

tials vs scan rate and peak currents vs scan rate C Typical DPVs of 
LD at studied concentration range in 0.1 M phosphate buffer (pH 6.0) 
and inset calibration plot of Ip vs [LD] D Typical DPVs of ACT at 
studied concentration range in 0.1 M phosphate buffer (pH 6.0) and 
inset calibration plot of Ip vs [ACT]
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0.05 V for 0.2 mM AA (curve a), at 0.05 V for 0.2 mM 
AA + 0.25  V for 0.1  mM LD (curve b), at 0.05  V for 
0.2 mM AA + 0.25 V for 0.1 mM LD + 0.57 V for 0.1 mM 
ACT (curve c). The AA, LD and ACT exhibited distinct 
anodic peaks at 0.05, 0.25 and 0.57 V with a peak to 
peak separation of 0.20 V (between AA and LD), 0.52 V 
(between AA and ACT), 0.32 (between LD and ACT) as 
shown in the inset showing the response of Bi2Se3 NPs/
rGO/Pt-E in 0.1 M PBS. The anodic peaks resulted from 
Bi2Se3 NPs/rGO/Pt-E has greater separation efficiency for 
the concurrent sensing of LD and ACT in the sight of AA 
and further in any mixture. The efficient electrocatalytic 
effect of Bi2Se3 NPs/rGO/Pt-E was monitored by the oxi-
dation of LD and ACT with sharp peaks, good selectivity, 
large peak separations and enhanced current responses, 
resulting in the amplification of electrochemical signaling 
of LD and ACT. The enhancement in both LD and ACT 
peak currents is due to the greater area of the layer on the 
surface of modified Pt-E and improvement in the electron 
transfer process.

To obtain the kinetic parameters, the effect of scan rates 
on the peak currents were studied with 0.2, 0.1 mM and 
0.1 mM solutions of AA, LD and ACT on Bi2Se3 NPs/
rGO/Pt-E using CV mode. Figure 8B shows the anodic 
peak currents for three compounds were linearly increases 
with an increase in the scan rate from 10 to 170 mV/s, 
indicating the oxidation process was adsorption controlled. 
Consequently, AA, LD, and ACT are first adsorbed and 
accumulated on the electrode surface and then followed by 
an electrochemical reduction reaction. The adsorbed quan-
tities of analytes (AA, LD, and ACT) on the Pt-E surface 
was calculated using the following equation:

The Faraday’s constant is F (C mol−1), Q(C) is the 
quantity of charge spent during the electro-oxidation 
reaction, and v (Vs−1) is the scan rate. The area of the 
electrode is A (cm2), and the surface concentration of the 
electroactive AA, LD, and ACT is I−T (mol cm−2).

Integration of the peak area of modified Pt-Es, resulted in 
a straight line with a slope of 0.11 and 0.50 and 1.1 within 
the same scan range for AA, LD and ACT, respectively. 
From Eq. (4) the values of n and I−T were obtained and 
the results were 0.32, 1.6 and 3.1 × 10–6, respectively. At 
an optimum scan rate of 50 mV/s, Bi2Se3 NPs/rGO/Pt-E 
showed 24.8, 79.8 and 108 µA of the peak current, which 
was nearly tenfold compared to peak current measured at 
bare Pt-E (2.8, 8.4, and 11.7 µA) for AA, LD and ACT indi-
cate the fair catalytic activity of nanocomposite materials.

The effect of scan rate on the peak potentials was stud-
ied with the same concentration of AA, LD and ACT, and 

(4)Ip =
nFQv

4RT
=

n2F2AI−Tv

4RT

the anodic peak potential shifted to a more positive side 
with an increase in the scan rate. The linear regression 
equations were constructed between the peak potentials 
and the scan rates (v) at the modified Pt-Es were shown 
in Fig. 8B.

From the regression equation, the electrochemical param-
eters, electron transfer co-efficient (α) 0.37 and 0.48 for both 
LD and ACT, and the electrode reaction standard rate con-
stant (ks) 1.73 and 2.17 s−1 were calculated using Laviron’s 
equation at the modified electrode.

Quantification studies of LD and ACT with DPV

The DPV responses for various concentrations of LD 
and ACT at the modified electrode in 0.1 M phosphate 
buffer (pH 6.0) were measured individually under the 
best experimental conditions (pH 6.0, accumulation time: 
100 s, accumulation potential: − 0.25 mV, pulse ampli-
tude: 50 mV, voltage step: 2 mV, voltage step time: 0.4 s). 
The results revealed a linear relationship between the 
peak currents recorded and LD concentrations ranging 
from 0.006 to 0.25 mM, as shown in Fig. 8C. The peak 
current at a potential of + 0.25 V (vs Ag/AgCl) increases 
sensitively with an increase in the concentration of LD. 
The linear regression equation for LD was obtained as 
Ipa(µA) = 404.65C + 45.205 (R2 = 0.9866) with a limit of 
detection (LOD) and limit of quantification (LOQ) of 0.23 
and 0.71 µM, respectively, at the signal to noise ratio of 
3. Similarly, a linear relationship between the peak cur-
rents and concentration ranging from 0.0045 to 0.14 mM 
of ACT was observed as shown in Fig. 8D. The peak cur-
rent at a potential of + 0.52 V (vs Ag/AgCl) increases 
gradually with an increase in the concentration of ACT. 
The calculated linear regression equation was noted as 
Ipa(µA) = 434.41C + 41.277 (R2 = 0.9879) with a LOD 
and LOQ values of 0.17 µM and 0.53 µM respectively, 
at signal to noise ratio of 3. The split in the LD and ACT 

(5)
Ipa(�A) = 0.6616v + 0.0536

(

Vs−1
) (

R2 = 0.9712
)

AA

(6)Ipa(�A) = 0.345v + 0.2487
(

Vs−1
) (

R2 = 0.9869
)

LD

(7)
Ipa(�A) = 1.0507v + 0.5678

(

Vs−1
) (

R2 = 0.9725
)

ACT

(8)Epa = E0 +
RT

(1 −∞)nF
ln v

(9)
log ks = � log (1 − �) + (1 − �) log �− log

RT

nFv
−

(1 − �)�nFΔEp

2.3RT
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calibration curves is most likely due to the creation of a 
sub-monolayer at low concentrations and a monolayer at 
high concentrations in the calibration plot.

The DPV studies were used to detect LD, ACT in the 
sight of AA concurrently. Three well-defined peaks were 
seen in Fig. 9A, showing that the Bi2Se3 NPs/rGO/Pt-E 
electrochemical sensor was an acceptable electrochemi-
cal sensor for concurrent sensing of two analytes. Peak 
currents for LD, ACT, and AA rose as concentration 
increased. The calibration curves were linear in some 
ranges when the peak potentials were constant (Fig. 9B). 
These findings suggest that Bi2Se3 NPs/rGO/Pt-E had ade-
quate linear ranges and detection limits for simultaneously 
detecting LD and ACT in the presence of AA. The linear 
regression equations achieved for both LD and ACT are 
shown in (Fig. 9B).

(10)Ipa(�A) = 477.54C + 21.286
(

R2 = 0.991
)

(11)Ipa(�A) = 348.53C + 71.525
(

R2 = 0.9914
)

The analytical performance of the proposed electrode 
was summarized and compared with literature reports as 
tabulated in Table 2. The fabricated electrochemical sen-
sor, Bi2Se3 NPs/rGO/Pt-E exhibited lower linear range and 
detection limits compared to the reported electrochemical 
sensors. Therefore, it could open a new venue for the simul-
taneous detection of LD and ACT in the presence of AA 
with ultra-sensitivity and high selectivity.

Validation of Bi2Se3 NPs/rGO/Pt‑E

The fabricated electrochemical sensor was verified by meas-
uring the parameters such as robustness, precision, accuracy, 
recovery, and selectivity. Five replicate measurements on 
0.1 mM LD and ACT assay were done on the first day (intra-
day) and after 5 days (inter-day) to determine the accuracy. 
The standard addition method was used to examine recovery 
and results were showed in Table 3. To test the sensor’s 
stability, it was submerged in PBS (pH 6.0) containing LD 
and ACT for 5 days and the voltammograms were recorded. 
The results were compared with the voltammograms of the 

Fig. 9   A DPVs for simultaneous detection of three analytes on Bi2Se3 
NPs/rGO/Pt-E for AA (1–5 additions), LD (6–13), ACT (14–26) B 
Calibration plots of Ip vs [LD] and Ip vs [ACT] for studied concen-
tration ranges C Bar diagram showing the selectivity of Bi2Se3 NPs/

rGO/Pt-E for LD and ACT in the presence of different interferents 
and their IR+S/IR values D DPVs for LD injection (a) and ACT tablet 
real samples (b, c)
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same sensor obtained after every 5 days. The obtained data 
revealed that the peak currents decreased slightly, indicat-
ing that the developed electrochemical sensor possessed 
long-term stability. In the presence of excipients includ-
ing uric acid, caffeine, calcium (II), magnesium (II), tryp-
tophan, valine, tyrosine, glucose, atenolol, phenylalanine, 
and Amlodipine, the capacity of the optimized technique to 
detect LD and ACT selectively was investigated. The degree 
of substantial interference with LD and ACT was evaluated 
using the current ratio method. The peak currents obtained 
from LD and ACT were measured alone (IR) in 0.5 mM of 
excipient substance (IR+S). The current ratios (IR+S/IR) of LD 
and ACT were in the range of 0.92 ± 0.05 to 1.01 ± 0.03 
for above mentioned co-existing interferents, respectively 
(Fig. 9C). The current ratios were unchanged in the pres-
ence of interferents, indicating that the fabricated electro-
chemical sensor possessed an excellent selectivity towards 
the analytes. Variations in some of the key factors, such 

as preconcentration, time, pH, and potential, were used to 
assess the robustness. The obtained findings demonstrated 
the manufactured electrochemical sensor’s dependability in 
the analysis of LD and ACT. Within the analyzed range of 
operational parameter adjustments, the mean % recoveries 
of five replicate measurements were not significantly altered, 
indicating that the Bi2Se3 NPs/rGO/Pt-E is a reliable elec-
trochemical sensor.

Analytical applications

By analyzing  pharmaceuticals and synthetic urine sam-
ples, the analytical applications of the constructed sensor 
(Bi2Se3 NPs/rGO/Pt-E) were investigated to detect LD and 
ACT. The standard addition method was used to analyze 
the real and urine samples at Bi2Se3 NPs/rGO/Pt-E to avoid 
the matrix effect. The voltammetric responses of urine and 
actual samples spiked with known concentrations of LD and 

Table 2   Comparison of various reported electrochemical sensors with that of present electrochemical sensor for the simultaneous detection of 
LD and ACT​

Analyte Electrode Modifier LDR LOD References

LD Carbon paste Hemoglobin electrostatic immobilized on WO3 nanoparticles 60–1070 μM 0.25 μM [48]
LD Graphite–polyurethane Oxovanadium-salen 10–300 μM 0.8 μM [49]
LD Glassy carbon Cyclodextrine doped poly (2,5diamino-benzene sulfonic acid) 7–200 μM 0.418 μM [50]
ACT​ Glassy carbon disk Tetraruthenated cobalt(II) porphyrin intercalated into a smec-

tite clay
1–50 μM 0.1 μM [51]

ACT​ Glassy carbon electrode Polymer and multi-walled carbon nanotubes 5.0–1000.0 μM 3.5 μM [52]
ACT​ Glassy carbon Carbon-coated nickel magnetic nanoparticles 30–700 μM 2.3 μM [53]
LD
ACT​
TYR​

carbon paste Graphene and ethyl
2-(4-ferrocenyl-[1,2,3]triazol-1-yl) acetate

0.2–0.4 mM
1.0–0.15 mM
5.0–0.18 mM

0.07 μM
0.5 μM
2.0 μM

[2]

LD
ACT​
TYR​

Glassy carbon Luteolin/(fMWCNT/GCE) 0.7–100.0 μM
1.0–90.0 μM
0.5–70.0 μM,

0.25 μM
0.52 μM
0.12 μM

[54]

LD
ACT​

Glassy carbon Nickel
Hydroxide nanoparticles/multi-walled carbon nanotubes

0.1–100 μM
0.06–26 μM

0.076 μM
0.017 μM

[55]

LD
ACT​

carbon paste electrode TiO2 hollow sphere/multi-walled
carbon nanotube/poly-aspartic acid composite

0.4–450 μM
0.1–300 μM

0.105 μM
0.07 μM

[18]

LD
ACT​

Pt electrode Bi2Se3 NPs/rGO 0.006–0.25 mM
0.0045–0.14 mM

0.23 μM
0.17 μM

Present work

Table 3   Analytical parameters 
[accuracy, precision and 
recovery (n = 5)] obtained for 
LD and ACT at Bi2Se3 NPs/
rGO/Pt-E

a Bias = (found-added/added)
b Relative standard deviation for five individual determinations

Method Analyte Concentration 
added (mM)

Concentration 
found (mM)

Biasa Recovery (%) Precision 
RSDb 
(n = 5)

DPV LD Intraday (0.1) 0.098 − 0.902 98 0.67
Inter day (0.1) 0.092 − 0.908 92 0.87

ACT​ Intraday (0.1) 0.096 − 0.904 96 1.31
Inter day (0.1) 0.090 − 0.910 90 0.92
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ACT were recorded after they were diluted [4 times with 
0.1 M PBS (pH 6.0) without any pretreatment]. The results 
showed that the Bi2Se3 NPs/rGO/Pt-E sensor is reliable, it 
could be successfully applied to the detection of LD and 
ACT in real pharmaceutical and urine samples (Table 4 and 
Fig. 9D).

Conclusions

The novel fabricated electrochemical sensor, Bi2Se3 NPs/
rGO/Pt-E has exceptional properties such as excellent 
adsorptive properties, electrocatalytic properties, and high 
specific surface area. To our knowledge, this is the first time 
that Bi2Se3 NPs/rGO/Pt-E were used to selectively recognize 
and sensitively determine LD and ACT in the presence of 
AA. For the simultaneous detection of LD and ACT, the 
electrochemical characteristics of all three electrodes, bare 
Pt-E, rGO/Pt-E, and Bi2Se3 NPs/rGO/Pt-E, have been stud-
ied. Interestingly, it was noticed that Bi2Se3 NPs/rGO/Pt-E 
exhibited high selectivity and ultra-sensitivity towards LD 
and ACT. In comparison to previous methods published in 
the literature, the suggested method is very reliable and sen-
sitive in reaching ultra-low detection limits, very good repro-
ducibility, wide linear dynamic range, and repeatability. The 
proposed strategy is expected to be extremely beneficial to 
both the pharmaceutical industries and the clinical sector.
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