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A novel bio-electrochemical sensor based on a
1,4-bis(triphenylphosphonium)butane)3

[SiW11O39Ni(H2O)]/P@ERGO nanocomposite for
the selective determination of L-cysteine and
L-tryptophan†

Saeide Ahmadi Direstani and Somayeh Dianat *

Designing and developing a low-cost and highly efficient nanocomposite featuring abundant active sites

with excellent transfer ability for electrons and high conductivity is critically important and challenging

for the detection of biomolecules. In this study, a novel bio-sensor based on a tetra-component

nanocomposite containing 1,4-bis(triphenylphosphonium)butane (BTPB), SiW11O39Ni(H2O) (SiW11Ni),

and phosphorus-doped electrochemically reduced graphene oxide (P@ERGO) was synthesized via an

electrodeposition procedure. The prepared hybrid nanocomposite (i.e., (BTPB)SiW11Ni/GO) was characterized

by Fourier transform infrared (FT-IR) spectroscopy, X-ray diffraction (XRD) analysis, transmission electron

microscopy (TEM), and inductively coupled plasma-optical emission spectrometry (ICP-OES). The surface

morphology, electrochemical, and electrocatalysis properties of the (BTPB)SiW11Ni/P@ERGO/GCE were

evaluated by field emission scanning electron microscopy/EDS (FE-SEM/EDS), voltammetry, amperometry,

and electrochemical impedance spectroscopy (EIS). In general, the (BTPB)SiW11Ni/P@ERGO/GCE-based bio-

sensor exhibited satisfactory sensing performance for L-cysteine (Cys) and L-tryptophan (Trp) under

optimized conditions. It showed good linearity in a wide-range of 10–2500 and 1–2000 mmol L�1 and a low

limit of detection (LOD) of 0.12 and 0.83 mmol L�1 (S/N = 3) for Cys and Trp, respectively, via the ampero-

metry method at the biological pH (= 7.0). Additionally, this bio-sensor showed excellent selectivity and high

stability, resulting from the synergistic effect of SiW11Ni, BTPB, and P@RGO. Furthermore, the practical

application potential of the (BTPB)SiW11Ni/P@ERGO bio-sensor was validated by detecting Cys and Trp in

real samples.

1. Introduction

Amino acids have essential functions in human neuro-regulation,
metabolism, and organ function processes.1 L-Cysteine (Cys) is
one of the S-containing amino acids with a critical role in the
cellular metabolism and antioxidation defense system.2–4 The
normal range of Cys in healthy blood plasma is 10–30 mmol
L�1.5 Low concentrations of Cys can lead to heart and liver
diseases and hair discoloration, while its high concentrations
cause L-cystinuria, Parkinson’s disease, and acquired immune
deficiency syndrome.6 L-Tryptophan (Trp) is an essential amino
acid for the human body. Since Trp cannot be directly synthesized
in the human body and is rarely found in vegetables, it must be

consumed daily to keep the nitrogen balance.1,7 Furthermore, it is
a precursor of several metabolites, such as serotonin and melato-
nin, to improve sleep, mood, and mental health.1,8 Trp supple-
ments have often been used as antidepressants, and assist in
sleep and weight loss to increase the serotonin and melatonin
levels in body fluids.7 Trp in high concentrations may show side
effects, including agitation, confusion, diarrhea, fever, nausea,
etc.8 Moreover, an improper Trp metabolism produces a toxic
product in the brain that is a possible reason for hallucinations,
delusions, and schizophrenia.1,9 Recent reports have shown
that the Trp concentration in human serum is very low (30–
50 mmol L�1),10 and changes in its levels cause metabolic
disorders.11,12 Therefore, accurate, simple, and fast methods are
desired for determining Cys and Trp in many fields, such as food
processing, biotechnology, and pharmaceutical industries.13–16

Numerous analytical methods have been developed for amino
acid quantification, e.g., high-performance liquid chromatogra-
phy (HPLC),17,18 spectrophotometry,19 gas chromatography-
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mass spectroscopy (GC-MS),20 and electrochemistry.1,4,16 Among
these methods, electrochemical procedures have attracted con-
siderable interest in electro-active compounds because of their
simplicity, low-cost, high sensitivity, and ease of miniaturization.

Nevertheless, the electrochemical detection of Cys and Trp
has some severe drawbacks. The electro-oxidation of Cys and
Trp on the unmodified electrodes usually involves a large
overpotential and sluggish electron transfer kinetics.21,22

On the other hand, the need for high overpotential significantly
reduces the detection selectivity and causes surface oxide
formation and precipitation effects.23 One solution to overcoming
these limitations is to design and prepare modified electrodes
using carbon-based materials,24,25 metal nanoparticles,26,27 Schiff
base complexes,28,29 metal oxides,30 and conducting polymers.31

Polyoxometalates (POMs) are a class of clusters formed from
negatively charged inorganic transition metal–oxygen building
blocks.32 One of the essential applications of POMs, especially
Keggin-type POMs, is in the electrochemistry field.33 The multi-
ple redox properties make them an exciting candidate for
developing modified electrodes.34,35 The anionic cluster can
undergo a fast and reversible multi-electron transfer process
while maintaining the structure.25,36 However, the electrocata-
lytic activities of POM-modified surfaces are restricted due to
their low specific surface area (SSA), leaching, aggregation, and
solubility in aqueous solutions. Recently, to reach more excel-
lent stability, many studies have been conducted on the design
and synthesis of organic–inorganic nanohybrid compounds
based on POMs as one of the most critical topics in materials
chemistry.37,38 Moreover, the immobilization of POM-based
compounds in supporting carbon materials enhances their
electrocatalytic performance.25,36,39

Graphene is one of the best-supporting carbon materials in the
electrocatalysis field. Graphene possesses good chemical stability,
high thermal and electrical conductivity, excellent mechanical
properties, and a significant SSA (about 2600 m2 g�1).40,41 This
substance is an ideal candidate for a POM support material to
overcome the low stability and low SSA of POMs. Therefore, the
electrocatalytic activity of POMs can be enriched by the high SSA
and good electrical conductivity of graphene.

To date, many studies have been conducted on POM/gra-
phene oxide (GO) nanocomposites. In these efforts, GO was
used as the precursor, and POMs were immobilized onto the
reduced GO (RGO) using different reduction methods such as
UV-photoreduction42,43 and chemical reduction by hazardous
materials (e.g., hydrazine).44,45 However, these methods usually
yielded POM/RGO nanocomposites in the powder form and so
the surface of the electrode must be modified using a drop-
casting method. The drop-casting method has inherent restric-
tions, including low stability and lack of film thickness
control.46 The self-assembly process is the best way to achieve
stable and regular modified electrodes. In some works, the
POM/RGO nanocomposite is synthesized through a layer-by-
layer growth of POM/GO, followed by UV-irradiation reduction.
Under UV irradiation, a photoreduction reaction occurs in the
film that converts GO to RGO due to the photoreduction activity
of POM clusters. Preparing RGO from GO by electrochemical

reduction has recently attracted much attention as a simple,
fast, and green method.25,36,47 Chen et al.48 prepared an RGO/
glassy carbon electrode (GCE) from a GO colloidal solution by
cyclic voltammetric (CV) reduction to determine the catechol
and hydroquinone isomers with high resolution. Guo et al.46

synthesized 12-molybdosilicic acid (H4SiMo12O40, SiMo12) and
chitosan and electrochemically reduced graphene oxide (CS-
ERGO/SiMo12) multilayer composite films on an indium tin
oxide electrode (ITO) using an electrochemical growth method.
The modified surface was used for electro-reduction of S2O8

2�

in a linear detection range of 0.67 to 30.62 mmol L�1, a
sensitivity of 0.0448 mA mmol�1 L, and a limit of detection
(LOD) of 0.05 mmol L�1. Mai et al.49 prepared an RGO/copper
composite by electrodeposition from a colloidal solution con-
taining [CuIIEDTA]2� complexes and GO sheets. Li et al.50

synthesized a nanocomposite of ZnO nanorods and electro-
reduced graphene oxide (ZnONRs/ERGO) for voltammetric detec-
tion of dopamine in two linear ranges of 0.01 to 6.0 mmol L�1 and
6.0 to 80 mmol L�1, and LOD of 3.6 nmol L�1. Recently, numerous
studies have shown that a heteroatom-doped RGO surface can
effectively improve the electrical conductivity and electrocatalytic
activity of RGO. The product can be used in supercapacitor
electrodes,51,52 lithium-ion batteries,53–55 fuel cells,56 and dye-
sensitized solar cells.57 However, limited studies have been
reported on the construction of a POM/P@RGO-modified elec-
trode through electrochemical reduction.

M. Sharifi et al.25 designed and fabricated a nanocomposite-
modified GCE based on (1,10-(1,4-butanediyl)dipyridinium)3

[SiW11O39Ni(H2O)]/P@ERGO ((bdpy)SiW11Ni/P-ERGO/GCE) by
drop-casting and then electrochemical reduction. The modified
electrode was applied as an iodate sensor with a sensitivity of
28.1 mA mmol�1 L and a low LOD (0.47 nmol L�1) in a linear
range of 10–1600 mmol L�1. Ravanbakhsh et al.36 reported the
construction of PW12/MOF/P@ERGO/GCE using the electroche-
mical reduction method, followed by investigating the electro-
chemical behavior of the modified electrode.

In the present study, a new modified GCE based on organic–
inorganic nanocomposite (1,4-bis(triphenylphosphonium)-
butane))3[SiW11O39Ni(H2O)]/GO was prepared through a drop-
casting technique, followed by the electrochemical reduction
method from a BTPB colloidal solution in a 0.1 mol L�1 H3PO4.
The modified GCE ((BTPB)SiW11Ni/P@ERGO/GCE) was intro-
duced as a bio-sensor for Cys and Trp determination by
amperometry. Furthermore, the electrochemical properties,
selectivity, reproducibility, repeatability, and recovery in acet-
ylcysteine tablets, milk, and egg white (as real samples) were
investigated. However, the presence of BTPB in the nanohybrid
compound improved the nanocomposite’s stability and
increased POM-loading on the RGO surface. The strong elec-
trostatic interaction between SiW11Ni and BTPB led to this high
stability and enhanced POM-loading on the support. In addi-
tion, (BTPB)SiW11Ni can electrostatically bond with P@ERGO
by Pd+ and p-electrons of BTPB without affecting the SiW11Ni
electronic structure. The proposed plan for the renovation of
SiW11Ni by BTPB and P@ERGO exhibits remarkable advan-
tages, making it useful for practical applications.
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2. Experiment
2.1. Reagents and materials

The K6[SiW11O39Ni(H2O)]�nH2O (SiW11Ni), and 1,4-
bis(triphenylphosphonium)butane (BTPB) were synthesized
according to the literature procedures.58,59 Tungstosilicic acid
(H4SiW12O40�nH2O, SiW12), potassium acetate (CH3COOK),
nickel(II) sulfate hexahydrate (NiSO4�6H2O), glacial acetic acid
(HAc), phosphoric acid (H3PO4), sulfuric acid (H2SO4), boric
acid (H3BO3), potassium hexacyanoferrate(III) (K3[Fe(CN)6]),
Cys, and Trp were of analytical grade and were used as received.
These materials were purchased from Sigma-Aldrich or Merck.
All solutions were prepared using deionized water (DI water,
18 MO cm (25 1C), Milli Q, Millipore Inc.). Phosphate buffer
saline (PBS) solutions were prepared using the stock solution of
0.01 mol L�1 H3PO4 and then adjusting the pH with the
solution of 0.5 mol L�1 NaOH. The Britton–Robinson buffer
(BRB) solution was prepared by mixing the 0.04 mol L�1 H3PO4,
0.04 mol L�1 boric acid, and 0.04 mol L�1 acetic acid that has
been titrated to the desired pH (pH 2–9) with 0.2 mol L�1

NaOH. Commercial N-acetylcysteine-mucolytic effervescent
tablets (600 mg of N-acetylcysteine per tablet) were purchased
from Osve Pharmaceutical Inc., Iran. The milk sample was
bought from a local marketplace in Bandar Abbas (Iran).

2.2. Apparatus

The percentage immobilized on the GO surface of SiW11Ni was
measured by inductively coupled plasma-optical emission spec-
trometry (ICP-OES, PerkinElmer Optima 7300 DV) through
determining W contents in the (BTPB)SiW11Ni/GO nanocom-
posite. IR spectra of SiW11Ni, (BTPB)SiW11Ni, BTPB, GO, and
(BTPB)SiW11Ni/GO were measured using the attenuated total
reflectance Fourier transform-infrared (ATR FT-IR; spectrum
two spectrometer-PerkinElmer) spectroscopy in the wavenum-
ber range of 3400–400 cm�1. The crystalline structures of the
SiW11Ni, BTPB, (BTPB)SiW11Ni, GO, and (BTPB)SiW11Ni/GO
were characterized using an X-ray diffraction technique (XRD)
with Cu Ka radiation on a PANalytical X’Pert Pro. The morphol-
ogy of the (BTPB)SiW11Ni/GO and GO was examined by
transmission electron microscopy (TEM, Zeiss-EM10C-100 KV-
Germany). Morphological characteristics and elemental analy-
sis of the bare GCE, P@SiW11Ni/GCE, and (BTPB)SiW11Ni/
P@ERGO/GCE were examined by field emission scanning elec-
tron microscopy (FE-SEM, Zeiss-SIGMA VP-Germany), equipped
with energy-dispersive X-ray spectrometry (EDS) and EDS-
mapping. A Raman spectrometer (Raman Takram P50C0R10)
was used to confirm the prepared GO. The recovery of Cys, Trp
in real samples using a voltammetric method was validated
using an HPLC (Knauer, Azura, Germany) equipped with a K-
2600UV-visible detector. Chromatographic separations were
performed using a Zorbax Eclipse Plus C18 column (4.6 mm
� 250 mm) packed with a 5 mm particle size.

2.3. Analytical measurements

The electrochemical analyses were performed using an Autolab
potentiostat/galvanostat (P/GSTAT 302N). A three-electrode

system, consisting of bare or modified GCE (GR-2S/N, Iran,
Tehran, 2 mm in diameter), was used as the working electrode,
an Ag/AgCl (3 mol L�1 KCl) electrode (Metrohm, Switzerland) as
the reference electrode, and a platinum rod (IV-EL/EB-2200,
Ivium, Eindhoven, Netherland) as the counter electrode. The
voltammetric and amperometric experiments were performed
using Autolab NOVA software version 2.1.5. For GCE modifica-
tion using an electro-reduction method, the dissolved oxygen
gas was eliminated by purging argon gas with high-purity
(99.999%) into the electrolytic cell solutions for 15 min. Elec-
trochemical impedance measurements were obtained by an
electrochemical impedance spectroscope (EIS, mSTAT-I 400s,
Metrohm Dropsens) in PBS solution (0.01 mol L�1, pH 3)
containing [Fe(CN)6]3�/4� (0.5 mmol L�1) at a frequency range
of 105–0.01 Hz.

2.4. Synthesis of (BTPB)SiW11Ni

First, a SiW12 (7.0 g, 2.4 mmol) solution in 25 mL of hot DI
water was prepared. Then, solutions of NiSO4�6H2O (0.8 g,
3.0 mmol) in 2.5 mL of hot DI water and CH3COOK (7.5 g,
76.4 mmol) in 7.5 mL of hot DI water (pH adjusted to 7 by
CH3COOH) were added dropwise into the solution containing
SiW12, separately. The prepared solution was stirred and pre-
served at 95 1C for 1 min. Afterward, BTPB was progressively
added into this solution until no further precipitate formed.
Finally, the pale green precipitate of (BTPB)SiW11Ni was fil-
tered, washed with C2H5OH, and dried at ambient temperature
(yield B 89%).

2.5. Synthesis of (BTPB)SiW11Ni/GO

GO was synthesized using a modified Hummers’ method,60 and
the obtained GO was confirmed using Raman spectroscopy. The
Raman spectrum of GO is presented in the ESI† (Fig. 1S). To
synthesize (BTPB)SiW11Ni/GO, first, a suspension of 5 mg GO and
(BTPB)SiW11Ni (5 mg, 0.001 mmol) in 5 mL DI water was prepared.
Then, the suspension was stirred at 45 1C for 1 h and sonicated for
5 min to obtain a homogeneous suspension. The obtained suspen-
sion was used to prepare the (BTPB)SiW11Ni/P@ERGO/GCE.

2.6. Preparation of (BTPB)SiW11Ni/P@ERGO/GCE

First, the GCE surface was polished sequentially with 0.30 mm,
0.10 mm, and 0.05 mm a-Al2O3 suspension and washed with DI
water. Then, the polished GCE was sonicated in an ultrasonic
bath of DI water/ethanol/DI water each for 5 min, respectively.
Afterward, the GCE was cleaned electrochemically with H2SO4

solution (0.5 mol L�1) by repeated potential cycling between
�1.0 and +1.0 V (vs. Ag/AgCl) until the voltammograms
remained unchanged. In the next step, 10 mL of synthesized
(BTPB)SiW11Ni/GO suspension was drop-cast on the surface of
bare GCE. Next, it was dried at ambient temperature overnight
and rinsed with DI water. Then, GO was electrochemically
reduced on the surface of GCE using chronoamperometry at
the fixed potential of �1.5 V at various times of 30, 60, 90, and
120 s in H3PO4 (0.1 mol L�1) containing different concentra-
tions of BTPB (0.56, 1.12, 1.68, 2.25 mmol L�1). An optimum
analytical response was found at 60 s in the presence of BTPB
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(1.12 mmol L�1). Additionally, SiW11Ni/GCE, BTPB/GCE,
(BTPB)SiW11Ni/GCE, and P@ERGO/GCE as the control working
electrodes were prepared by a similar method in 0.1 mol L�1

H3PO4 in the absence of BTPB. The schematic representation of
the preparation procedure of the as-prepared modified elec-
trode is shown in Scheme 1.

3. Results and discussion
3.1. Physical characterization

The amounts of carbon, phosphorus, silicon, tungsten, and
nickel in the (BTPB)SiW11Ni were determined by elemental

analysis. Calculated values [%] are C: 10.15, P: 1.31, Si: 0.59,
W: 42.78, and Ni: 1.24. On the other hand, experimental values
[%] are C: 9.62; P: 1.51, Si: 0.52, W: 39.24, and Ni: 1.12.
The results confirmed that experimental data agree with
the theoretical data based on the (BTPB)3SiW11Ni formula.
Additionally, the 1 : 11.5 : 1 molar ratio in SiW11Ni demonstrates
that the Keggin structure of SiW11Ni has been maintained
during the functionalization with BTPB. The loading percen-
tage of (BTPB)SiW11Ni on GO was calculated to be 0.72% by
ICP-OES spectroscopy. The FTIR, and XRD of SiW11Ni,
(BTPB)SiW11Ni, BTPB, GO, and (BTPB)SiW11Ni/GO, and TEM
images of the GO and (BTPB)SiW11Ni/GO at the different

Scheme 1 Stepwise procedure for the preparation of (BTPB)SiW11Ni/p@ERGO/GCE.

Fig. 1 FE-SEM images, EDS pattern, and EDS elemental mapping of (A) bare GCE, (B) P@SiW11Ni/GCE, and (C) (BTPB)SiW11Ni/P@ERGO/GCE.
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magnifications are shown in the ESI† (Fig. 2S–4S, ESI†, respec-
tively). The FT-IR data are summarized in Table 1S (ESI†).
Generally, the characterization studies of (BTPB)SiW11Ni, and
(BTPB)SiW11Ni/GO confirmed that the SiW11Ni, keeping with the
Keggin structure, was uniformly distributed on the GO surface.

3.2. Morphological characterization of (BTPB)SiW11Ni/P@
ERGO/GCE

The morphologies and microstructures of the bare GCE,
P@SiW11Ni/GCE, and (BTPB)SiW11Ni/P@ERGO/GCE were
investigated by FE-SEM. As shown in Fig. 1A, images a, b the
bare GCE displayed a smooth and uniform surface, which was
transformed to a rough surface after the modification with the
P@SiW11Ni, or (BTPB)SiW11Ni/P@ERGO (Fig. 1B and C, images
a, b). Moreover, the EDS spectra of the bare GCE, P@SiW11Ni/
GCE, and (BTPB)SiW11Ni/P@ERGO/GCE are displayed in
Fig. 1A–C, image c. The EDS analysis and elemental mappings
confirm the existence of C and O in the bare GCE (Fig. 1A,

images c–e) and W, C, O, P, Si, and Ni in the P@SiW11Ni/GCE
and (BTPB)SiW11Ni/P@ERGO (Fig. 1B and C, images c–i). The
presence of P in the EDS spectrum and elemental mappings
confirms the doping of P on the surface of the modified GCEs.

3.3. Parameter optimization for (BTPB)SiW11Ni/P@ERGO/
GCE coating

Optimizing the experimental parameters is crucial to achieve a
modified electrode with improved electrochemical activity.
Herein, the essential parameters, including the type and
concentration of electrolyte additive and the electrodeposition
time, are investigated. The following experiments were exam-
ined using CV. For this purpose, experiments were designed
using the CV method in H3PO4 (0.1 mol L�1) as a supporting
electrolyte at the fixed potential of �1.5 V. The results are
displayed in the (Fig. 5S, ESI†). The results confirm that the
(BTPB)SiW11Ni/P@ERGO/GCE prepared with 1.12 mmol L�1

BTPB as the electrolyte additive and electro-reduction time of
60 s have the best electrochemical behavior.

Fig. 2 (A) CVs obtained on the bare GCE (a), (BTPB)SiW11Ni/GCE (b), and (BTPB)SiW11Ni/P@ERGO/GCE (c) in H2SO4 (0.5 mol L�1, pH 0.5); scan rate of
100 mV s�1, (B) CV of the (BTPB)SiW11Ni/P@ERGO/GCE in H2SO4 (0.5 mol L�1, pH 0.5) at different scan rates from 5 to 400 mV s�1. The inset shows
variations of the cathodic and anodic peak currents (peak I and peak I0) with scan rates, and (C) SWVs of the (BTPB)SiW11Ni/P@ERGO/GCE in BRB at
different pHs (pH 2–9); step potential 2 mV, amplitude potential 20 mV. The arrow shows the shift in peak potentials upon increasing pH. The inset shows
the variation of the cathodic peak potentials with pHs.
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3.4. Electrochemical behavior of (BTPB)SiW11Ni/P@ERGO/GCE

The electrochemical behavior of the (BTPB)SiW11Ni/P@ERGO/
GCE was studied via a CV technique in H2SO4 (0.5 mol L�1, pH
0.5) electrolyte and compared with bare GCE and (BTPB)SiW11Ni/
GCE (Fig. 2A). However, at the (BTPB)SiW11Ni/GCE, two pseudo-
reversible redox couples with the half-wave potentials (E1/2 = (Epa +
Epc)/2) of �424 (I–I0) and �527 (II–II0) mV were observed, respec-
tively. These couples are related to the one- and two-electron
transfer processes of WV - WIV and WIV - WII, respectively.
However, at the (BTPB)SiW11Ni/P@ERGO/GCE, only one pair of
redox peaks (I–I0) with the E1/2 of �205 mV appeared. However,
the anodic peak II0 was not observed due to the high background
current of this modified GCE. As presented in Fig. 2A, there is an
increase in the peak currents at the (BTPB)SiW11Ni/P@ERGO/GCE
(curve c) compared to the (BTPB)SiW11Ni/GCE (curve b).
This increase confirms that the P@ERGO can upgrade electron
transfer between the GCE and the (BTPB)SiW11Ni. The bare
GCE (curve a) showed no significant peak current under the same
conditions.

The effect of the scan rate on the electrochemical behavior of
the (BTPB)SiW11Ni/P@ERGO/GCE was investigated in H2SO4

(0.5 mol L�1, pH 0.5). The obtained results are shown in Fig. 2B.
The redox couples I and I0 increase linearly with increasing the
scan rate from 5 to 400 mV s�1 (inset of Fig. 2B), demonstrating
that the electrochemical properties of the (BTPB)SiW11Ni/
P@ERGO/GCE are surface-controlled. Additionally, the peak
potential remained almost constant with increasing scan rate,
indicating the very fast electron transfer kinetics on the surface
of the modified electrode.

The effect of pH on the electrochemical properties of the
(BTPB)SiW11Ni/P@ERGO/GCE was examined in BRB (pH 2–9)
using SWV (Fig. 2C). As can be seen, the current of the cathodic
peak (ipc) decreases with increasing pH. Meanwhile, the catho-
dic peak potential (Ep) shifts negatively and linearly as pH
increases in the range of pH 2.0–9.0 with a linear regression
equation of Epc (V) = �0.0529pH + 0.3552 (R2 = 0.9904). The
relationship between cathodic peak potential and pH follows
the Nernst equation,61 eqn (1).

Ep ¼
0:0592m

n
pHþ b (1)

where Ep is the peak potential (V), n and m are the number of
electrons and protons contributing to the redox process, respec-
tively, and b is the intercept of the equation. From the regres-
sion equation in the inset of Fig. 2C, the slope of 52.9 mV pH�1

is near the slope of the Nernst equation (59.2 mV pH�1).
Therefore, it is inferred that the number of the transferred
electrons and protons is equal in the redox reaction of the
modifier.

3.5. Electrochemical properties of (BTPB)SiW11Ni/P@ERGO/
GCE in [Fe(CN)6]3�/4�

The surface electron transfer properties of the bare and mod-
ified GCEs were evaluated using the [Fe(CN)6]3�/4� redox probe.
Fig. 3A, curve a exhibits a redox couple at the bare GCE with a
DEp about 95.6 mV and ipc of 1.59 mA in Fe(CN)6

3�/4� solution

in 0.01 mol L�1 PBS (pH 3) containing 0.1 mol L�1 KCl. The
immobilization of BTPB on the GCE led to a noticeable
decrease in DEp and an increase in faradaic peak currents (ip)
(Fig. 3A, curve b). This result confirms that the BTPB can
develop electron transfer efficiency, due to its unique electronic
structure. However, a higher DEp is found along with decreas-
ing ip for the SiW11Ni/GCE and (BTPB)SiW11Ni/GCE (Fig. 3A,
curve c and d). The SiW11Ni and (BTPB)SiW11Ni films serve
as a barrier layer and block the electron transfer of the
[Fe(CN)6]3�/4� redox couple and the GCE surface. The
(BTPB)SiW11Ni/GCE shows a larger DEp than the bare GCE
but smaller than the SiW11Ni/GCE. The better reversible beha-
vior of (BTPB)SiW11Ni/GCE versus SiW11Ni/GCE can be attrib-
uted to the BTPB’s high electrical conductivity. Furthermore, it
can be observed from Fig. 3A, curve e, that the P@ERGO/GCE
possesses the most considerable background current with
remarkably higher DEp than the bare GCE. But with stabilizing
the (BTPB)SiW11Ni hybrid compound on the P@ERGO sub-
strate, the background current, and also DEp decreases, so that
the (BTPB)SiW11Ni/P@ERGO/GCE displays the best electroche-
mical activity (Fig. 3A, curve f). The quantitative data extracted
from these voltammograms are presented in Table 1. This
result confirms that the (BTPB)SiW11Ni/P@ERGO/GCE displays
the best electrochemical activity regarding the synergistic effect
between the SiW11Ni, BTPB, and P@ERGO.

The electrochemical results revealed that the electrolyte pH
is an influential factor in the electrochemical behavior of the
(BTPB)SiW11Ni/P@ERGO/GCE. The [Fe(CN)6]3�/4� redox system
has been applied as an electrochemical active probe to study
the pH effect on the electrochemical response of the (BTPB)-
SiW11Ni/P@ERGO/GCE.62

Fig. 3B shows the CVs of the (BTPB)SiW11Ni/P@ERGO/GCE
in the presence of [Fe(CN)6]3�/4� (0.5 mmol L�1) in BRB
containing KCl (0.1 mol L�1) at pHs 2–9. According to
Fig. 3B, the DEp increases, and the ip values decrease as pH
rises. However, almost no peak could be observed at pHs higher
than 6. Indeed, the surface of the modified electrode with a
positive charge is slowly neutralized with increasing OH�

concentration. Consequently, the electrostatic interaction
between the surface of (BTPB)SiW11Ni/P@ERGO/GCE and
[Fe(CN)6]3�/4� redox couple decreases.

Moreover, EIS is an effective electrochemical technique to
investigate the interfacial electrical performances of electro-
chemical sensors.10 Fig. 3C shows the Nyquist plot patterns of
the bare, and various modified GCEs. Using the simulation
program, the charge transfer resistance (Rct) value of the bare
GCE is estimated to be 10.2 kO, which is slightly increased to
12.2, 11.6, and 14.6 kO after modification with BTPB, P@ERGO,
and (BTPB)SiW11Ni/P@ERGO, respectively. However, an evi-
dent increase of the Rct value to 6849.7, 2341.6 kO is observed
after the bare GCE is modified with SiW11Ni, (BTPB)SiW11Ni,
due to the very low conductivity of SiW11Ni. Generally, the
increase in the Rct value confirms the formation of a modifier
layer adsorbed on the electrode surface, which exhibits a
barrier effect on the electron transfer kinetics between the
redox couple and electrode interface. The lower Rct value of
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(BTPB)SiW11Ni/GCE versus SiW11Ni/GCE can be ascribed to the
electronic structure of BTPB. Furthermore, the very low value of
Rct for (BTPB)SiW11Ni/P@ERGO/GCE compared to (BTPB)SiW11-
Ni/GCE can be due to the excellent conductivity of P@ERGO.

The electro-active surface area of the bare GCE, and
(BTPB)SiW11Ni/P@ERGO/GCE were obtained via a CV method
in [Fe(CN)6]3�/4� (0.5 mmol L�1) containing KCl (0.1 mol L�1) at
different scan rates in the range of 5–400 mV s�1 (Fig. 4A and C).
For comparison, the electro-active surface area of the BTPB/GCE,

SiW11Ni/GCE, and (BTPB)SiW11Ni/GCE were obtained via a
similar method. The results were displayed in the (ESI,†
Fig. 6S). The electro-active surface area was estimated using
the Randles Sevcik equation (eqn (2)):

ip = 2.69 � 105n3/2AeffD0
1/2n1/2Cp (2)

where ip is the peak current (A), n represents the number of
electrons transferred (n = 1), Aeff denotes the area of the electro-
active surface (cm2), D0 is the diffusion coefficient of the

Table 1 Electrochemical parameters extracted from CVs on the bare and modified GCEs in the presence of [Fe(CN)6]3�/4� (0.5 mmol L�1) in PBS
(0.01 mol L�1, pH 3) containing KCl (0.1 mol L�1) as the supporting electrolyte (Fig. 3A)

Electrode DE/mV � SDa |ipc|/mA � SDa ipa/mA � SDa

Bare GCE 95.67 � 0.004 1.59 � 0.026 1.43 � 0.592
BTPB/GCE 65.46 � 0.005 1.66 � 0.024 1.80 � 0.073
SiW11Ni/GCE 266.84 � 0.006 0.48 � 0.052 0.28 � 0.031
(BTPB)SiW11Ni/GCE 135.96 � 0.005 0.40 � 0.061 0.39 � 0.044
P@ERGO/GCE 141.80 � 1.100 1.53 � 0.190 1.23 � 0.170
(BTPB)SiW11Ni/P@ERGO/GCE 65.42 � 0.006 2.43 � 0.102 2.76 � 0.159

a SD: standard deviation.

Fig. 3 CVs obtained in the presence of [Fe(CN)6]3�/4� (0.5 mmol L�1) redox probe, (A) in PBS solution (0.01 mol L�1, pH 3) containing KCl (0.1 mol L�1) as
the supporting electrolyte on the bare GCE (a), BTPB/GCE (b), SiW11Ni/GCE (c), (BTPB)SiW11Ni/GCE (d), P@ERGO/GCE (e), and (BTPB)SiW11Ni/P@ERGO/
GCE (f); scan rate: 50 mV s�1. (B) On the (BTPB)SiW11Ni/P@ERGO/GCE in BRB containing KCl (0.1 mol L�1) at different pHs (pH 2–9); scan rate: 50 mV s�1,
(C) electrochemical impedance spectra of the bare GCE (a), BTPB/GCE (b), SiW11Ni/GCE (c), (BTPB)SiW11Ni/GCE (d), P@ERGO/GCE (e), and
(BTPB)SiW11Ni/P@ERGO/GCE (f) in PBS solution (0.01 mol L�1, pH 3) containing [Fe(CN)6]3�/4� (0.5 mmol L�1); frequency range of 105–0.01 Hz.
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[Fe(CN)6]3�/4� (D0 = 7.6 � 10�6 cm2 s�1), n1/2 stands for the
square root of scan rate (V s�1)1/2, and Cp is the concentration of
the [Fe(CN)6]3�/4� (mol cm�3). The electro-active surface area of
the (BTPB)SiW11Ni/P@ERGO/GCE is calculated to be 0.976 cm2,
according to the linear equation of ipc = �0.3621n1/2 + 0.427 (R2 =
0.9978) shown in Fig. 4D. This value is about 1.5 times larger
than the bare electrode electro-active surface area (0.644 cm2)
with a linear equation of ipc = �0.2390n1/2 � 0.0555 (R2 = 0.9990)
(Fig. 4B). Furthermore, the electro-active surface area of
the (BTPB)SiW11Ni/P@ERGO/GCE is more than BTPB/GCE
(0.544 cm2), SiW11Ni/GCE (0.259 cm2), and (BTPB)SiW11Ni/GCE
(0.423 cm2) with linear equations of ipc = �0.2017n1/2 � 0.0577
(R2 = 0.9958), ipc = �0.0962n1/2 � 0.3530 (R2 = 0.9905), and ipc =
�0.1569n1/2� 0.1781 (R2 = 0.995), respectively (Fig. 6S-B, D, and F,
ESI†). This result confirms the positive effect of the RGO on the
value of electro-active surface area, and electrochemical activity of
the modified electrode.

3.6. Electrocatalytic activity of (BTPB)SiW11Ni/P@ERGO/GCE

The electrocatalytic properties of the (BTPB)SiW11Ni/P@ERGO/
GCE for electro-oxidation of Cys and Trp was studied in
0.01 mol L�1 PBS (pH = 7) using the amperometry method.

The obtained results are shown in Fig. 5A and C. A very fast
current response was identified upon adding the Cys or Trp
into the stirred PBS (0.01 mol L�1, pH 7) at an optimum
potential (�0.5 V, and +0.1 V for Cys, and Trp, respectively).
Besides, the currents increased with continuously adding Cys
or Trp. This increase could be due to the good electron transfer
rate of the modifier and the rapid diffusion of the Cys or Trp
from the electrolyte to the (BTPB)SiW11Ni/P@ERGO/GCE sur-
face. In Fig. 5B and D, the ip values are plotted vs. [Cys] or [Trp].
As shown in Fig. 5B, the ipc is proportional to [Cys] over the
range of 10–250 mmol L�1, and 300–2500 mmol L�1 with linear
equations of |ipc| (mA) = 0.8059[Cys] (mmol L�1) + 12.5590 (R2 =
0.9907) and |ipc| (mA) = 0.0774[Cys] (mmol L�1) + 237.6979 (R2 =
0.9973), respectively. Fig. 5D shows a linear response range of
1–2000 mmol L�1 for Trp, with linear equation of ipa (mA) =
0.1120[Trp] (mmol L�1) + 8.9289 (R2 = 0.9781). The LODs and
LOQs are 0.12 mmol L�1 and 0.39 mmol L�1 for Cys, respectively,
while they are 0.83 mmol L�1 and 2.78 mmol L�1 for Trp,
respectively. The sensitivity values of (BTPB)SiW11Ni/P@ERGO/
GCE for Cys, and Trp were 805.9 and 112.0 mA mmol�1 L,
respectively. The linear range, LOD, and sensitivity of this
modified surface and similar reports in the response of Cys

Fig. 4 CVs obtained in the presence of [Fe(CN)6]3�/4� (0.5 mmol L�1) redox probe on the (A) bare GCE, and (C) (BTPB)SiW11Ni/P@ERGO/GCE at different
scan rates from 5 to 400 mV s�1. Variations of the anodic and cathodic peak currents on the (B) bare GCE, and (D) (BTPB)SiW11Ni/P@ERGO/GCE with
square root of scan rates.
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and Trp are presented in Table 2. The results demonstrate that
the modified surface can be used to determine Cys and Trp in a
wider linear range at a less positive potential and at the
biological pH.

3.7. Electro-oxidation mechanism of Cys and Trp

The electro-oxidation mechanism of Cys and Trp at the
(BTPB)SiW11Ni/P@ERGO/GCE was investigated by examining
the effect of scan rate and pH on the currents and potentials of
the peak, respectively (Fig. 6). Fig. 6A and B show the CVs of
7.0 mmol L�1 Cys and 100 mmol L�1 Trp in PBS (0.01 mol L�1,
pH 7) at the (BTPB)SiW11Ni/P@ERGO/GCE with different scan
rates (10–400 mV s�1). The anodic peak currents of Cys and Trp
linearly increased with the increased square root of the scan
rate (n1/2) (insets of Fig. 6A and B). This result confirms that the
oxidation reactions of Cys and Trp at the (BTPB)SiW11Ni/
P@ERGO/GCE are diffusion-controlled redox processes. The
linear regression equation relating ipa to the n1/2 was found to
be ipa (mA) = 0.2640n1/2 (mV1/2 s�1/2) + 0.0453 (R2 = 0.9901) (inset
of Fig. 6A) for Cys and ipa (mA) = 0.3663n1/2 (mV1/2 s�1/2) �
1.3695 (R2 = 0.9963) (inset of Fig. 6B) for Trp.

The effect of pH on the Epa of 200 mmol L�1 Cys and 500
mmol L�1 Trp was studied by SWV at a pH range of 2–9 using
BRB. The obtained results are shown in Fig. 6C and D. The Epas
for Cys and Trp displayed similar trends and shifted to more
negative values with increasing pH from 2 to 9. This observa-
tion indicates that the oxidation of both analytes at the
(BTPB)SiW11Ni/P@ERGO/GCE is a proton-involved catalytic
reaction.63 A significant correlation was found between the
Epas and pH with linear equations of Epc (V) = �0.0548pH +
0.5344 (R2 = 0.9937) for Cys and Epa (V) = �0.0561pH + 0.8443
(R2 = 0.9946) for Trp. The slope values of linear plots (54.8 and
56.1 mV pH�1 for Cys and Trp, respectively) are close to the
theoretical value of 59.2 mV pH�1. This result suggests that the
electro-oxidation of Cys, or Trp, at the (BTPB)SiW11Ni/
P@ERGO/GCE, includes an equivalent number of protons
and electrons. Accordingly, the electrocatalytic oxidation of
Cys can be described as follows: the [SiWV

4WVI
7 Ni(H2O)O39]6�

component of modifier is electro-oxidized to [SiWV
2WVI

9

Ni(H2O)O39]6�, which oxidize Cys to cysteine. An electrocataly-
tic oxidation of Trp can also be performed, similar to the
oxidation of Cys (Scheme 2).

Fig. 5 (A) Current–time responses of (BTPB)SiW11Ni/P@ERGO/GCE in PBS (0.01 mol L�1, pH 7) at �0.5 V with the increasing of Cys concentration.
(B) Corresponding calibration plot of the absolute value of steady-state currents obtained against concentrations of Cys. (C) Current–time responses of
(BTPB)SiW11Ni/P@ERGO/GCE in PBS (0.01 mol L�1, pH 7) at +0.1 V with an increasing of Trp concentration. (D) Corresponding calibration plot of the value
of steady-state currents obtained against concentrations of Trp.
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3.8. Stability, repeatability, and reproducibility of the
(BTPB)SiW11Ni/P@ERGO/GCE

One of the main goals of analytical electrochemistry is to
achieve a sensor or a bio-sensor with high stability. On the
other hand, the POM-based modified electrodes ordinarily have
low stability in aqueous solutions because POMs can simply

permeate from the surface of the modified electrode into the
electrolyte. Therefore, the stability of the (BTPB)SiW11Ni/
P@ERGO/GCE is one crucial parameter that must be evaluated.
The stability of this bio-sensor was estimated using the ampero-
metry technique in 0.01 mol L�1 PBS (pH 7). The result was
presented in the (Fig. 7S-A, ESI†). Moreover, the long-term

Table 2 Comparative characteristics of the (BTPB)SiW11Ni/P@ERGO/GCE sensor and some other electrodes for the determination of Cys and Trp

Modified electrode Analyte Sweep mode Linear range/mM
Potential/V
vs. Ag/AgCl pH LOD/mM

Sensitivity/
mA mM�1 Ref.

(CoSal)a
4SiW12/CPEb Cys Amperometry 0.01–1.0 +0.3 5.0 9.67 � 10�3 16 63

[PEIc/PSSd]2/Au@2Ag/[PEI/P2Mo17V]2/ITOe Cys Amperometry 0.025–7.625 +0.75 5.0 0.0276 1794.6 64
POM/RGO/GCE Trp SWV 1.0 � 10�5–1.0 � 10�3 +0.9 6.0 2 � 10�6 10.56 � 106 45
PMoV@Fe3O4/GCE Trp DPV 0.093–162.4 +0.8 7.0 17 � 10�3 121 65
(PMo9V3/CoTsPc)6/ITO Cys Amperometry 0.25–170 +0.9 7.0 0.01 20 66
MnWO4/RGO/GCE Trp DPV 0.001–120 N.R.f 7.0 4.4 � 10�3 43.3 67
Prickly ball-like Co–La oxides/RGO/CPE Cys Amperometry 1.0–888 +0.55 7.0 0.1 4.3 68
Gg/RGO–RuO Trp DPV 0.5–240 +0.7 7.0 0.236 N.R. 69
CeO2/RGO–GCE Trp LSV 0.06–1.0 +0.8 5.5 5.6 � 10�3 N.R. 10

1.0–8.0
10–100

(BTPB)SiW11Ni/P@ERGO/GCE Cys Amperometry 10–250 �0.5 7.0 0.12 805.9 This work
300–2500 77.4

Trp 1–2000 +0.1 7.0 0.83 112.0 This work

a N,N0-Bis(salicylidene)-1,2-phenylenediaminocobalt(III). b Carbon paste electrode. c Poly(ethylenimine). d Poly(sodium-p-styrenesulfonate). e

Indium tin oxide. f Not recorded. g Graphite.

Fig. 6 CVs of the (BTPB)SiW11Ni/P@ERGO/GCE in the presence of (A) 7.0 mmol L�1 of Cys, and (B) 100 mmol L�1 of Trp in PBS (0.01 mol L�1, pH 7) at
different scan rates from 10 to 400 mV s�1. The insets show variations of the anodic peak currents (peak I) with scan rates, SWVs of the (BTPB)SiW11Ni/
P@ERGO/GCE in the precence of (C) 200 mmol L�1 of Cys, and (D) 500 mmol L�1 of Trp in BRB at different pHs (pH 2–9); step potential 2 mV, amplitude
potential 20 mV. The arrows show the shift in peak potentials upon increasing pH. The insets show the variation of the anodic peak potentials (peak I) with pHs.
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stability of the bio-sensor was evaluated by SWV measurements
under ambient air over a four-week period. The results are shown
in the (Fig. 7S-B, ESI†). Generally, these results confirmed that the
(BTPB)SiW11Ni/P@ERGO/GCE bio-sensor has excellent stability
that can be attributed to the presence of BTPB and immobiliza-
tion of the (BTPB)SiW11Ni hybrid compound on the GO surface,
which decreases the solubility of POMs in aqueous solutions.

To investigate the repeatability of the (BTPB)SiW11Ni/
P@ERGO/GCE, six different SWV measurements with one
modified GCE were performed in 0.01 mol L�1 PBS (pH 7).
Furthermore, six modified GCEs were prepared under identical
conditions to validate the reproducibility. The relative standard
deviation (RSD) measurements for the repeatability and repro-
ducibility were 2.12% and 4.11%, respectively, demonstrating
excellent precision for the fabricated bio-sensor. The obtained
repeatability and reproducibility results are shown in the,
Fig. 7S-C and D (ESI†), respectively.

3.9. Interference study

Selectivity is a vital parameter for sensors that indicates the
selective response of the sensor toward the target analyte in the
presence of other species. The effects of potential interferents
for Cys and Trp determination at the modified electrode were
studied by adding these species into PBS (0.01 mol L�1, pH 7)
by the amperometry method (Fig. 7A and B, respectively). As
shown in Fig. 7A and B, no significant change in the signal was
found for each excess injection of ascorbic acid (AA) at 2-fold,
arginine (Arg), glutathione (GSH), and uric acid (UA) at 1-fold,
alanine (Ala), lysine (Lys), histidine (His), glutamic acid (Gln),
leucine (Leu), and dopamine (DA) at 1/4-fold concentrations of
Cys, and AA at 5-fold, Arg, Leu, and Lys at 4-fold, GSH at 3-fold,
Gln at 1-fold, Ala, and UA at 1/2-fold, His, and DA at 1/5-fold
concentrations of Trp. However, a significant response was
observed with more addition of Cys or Trp. These results show
the excellent selectivity of the (BTPB)SiW11Ni/P@ERGO/GCE to
determine Cys and Trp in complex media.

3.10. Determination of Cys and Trp in real samples

The analytical applicability of the proposed bio-sensor was
assessed using N-acetylcysteine-mucolytic effervescent tablets

Scheme 2 The redox pathways of Cys, and Trp at the (BTPB)SiW11Ni/P@ERGO/GCE.

Fig. 7 Effect of interfering species on the detection of (A) 200 mmol L�1

Cys at potential of �0.5 V, and (B) 100 mmol L�1 Trp at potential of +0.1 V at
(BTPB)SiW11Ni/P@ERGO/GCE in PBS (0.01 mol L�1, pH 7).
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(600 mg of N-acetylcysteine per tablet), egg white, and milk
samples as real samples for Cys and Trp determination. Also,
the commercial N-acetylcysteine-mucolytic effervescent tablet
solution sample was prepared by dissolving one effervescent
tablet in 400 mL of DI water, followed by injecting 10 mL of
the sample into a voltammetric cell containing 20 mL PBS
(0.01 mol L�1, pH 7.0). The egg white sample was prepared by
suspending 400 mg of a finely powdered sample in 100 mL of
PBS (0.01 mol L�1, pH 7.0). The suspension was placed in an
ultrasonic bath for 15 min to disaggregate and disperse the
particles and then filtered. Afterward, 10 mL of the filtrated
solution was injected into a voltammetric cell. The milk sample
was prepared by injecting 10 mL of this sample into 10 mL of
PBS (0.01 mol L�1, pH 7.0) and then transferring it into the
electrochemical cell without pretreatment. The experiments
were done by the standard addition process, using SWV. The
voltammetric analysis was carried out at the constant potential
of about +0.1 V, an equilibration time of 5 s, a step potential of
2 mV, and a pulse amplitude of 20 mV. The Cys or Trp solutions
with the known concentrations were added to the real samples
to evaluate the recovery percentage of the injected analyte.
The accuracy of the method was validated by HPLC analysis.
The obtained results are listed in Table 3. The recovery values
close to 100% with RSD smaller than 5% indicated the excellent
accuracy of the proposed (BTPB)SiW11Ni/P@ERGO/GCE. More-
over, the lack of significant difference between SWV and HPLC
analysis confirmed the accuracy and validity of the prepared
bio-sensor. Therefore, it can be concluded that the bio-sensor
has the potential ability to determine the trace levels of Cys and
Trp in real samples.

4. Conclusions

A novel bio-sensor based on POMs, BTPB, and P@ERGO was
prepared and applied as an efficient electrocatalyst in the

electrochemical determination of Cys and Trp. The (BTPB)-
SiW11Ni/P@ERGO/GCE bio-sensor revealed an excellent electro-
catalytic activity for the oxidation of Cys and Trp. The essential
characteristics of this bio-sensor are good stability, favorable
repeatability, reproducibility, and convenient fabrication of the
modified electrode. Moreover, the bio-sensor has specific
features, including a low LOD, good linear range, high sensi-
tivity, and excellent selectivity. Overall, this bio-sensor can be
used to accurately measure Cys and Trp in real samples. All of
these properties are favorable for enhancing the performance
of these bio-sensors.
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