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A B S T R A C T

In this research, gold nanoparticles modified choline chloride functionalized graphene oxide (AuNPs-ChCl-GO)
was synthesized through the assistance of ultrasound and fabricated as a novel bioelectrochemical sensor and
utilized for the sensitive detection of meloxicam (MEL). The morphological and structural features of the AuNPs-
ChCl-GO were characterized using different techniques including FTIR, TEM, FE-SEM, EDX, and XRD. The
modified electrode showed a remarkable improvement in the anodic oxidation activity of MEL due to the en-
hancement in the current response compared to the bare carbon paste electrode (CPE). The biosensor compo-
sition and measurement conditions were optimized using an experimental design. The differential pulse vol-
tammetry (DPVs) exhibited expanded linear dynamic in the range of 9.0× 10−9 to 8.5× 10−7 M for MEL in
Britton-Robinson buffer at pH=4.0 with a detection limit of 1.008×10−9 M. The practical utility of the
modified electrode was demonstrated by the accurate detection of MEL in human plasma sample.

1. Introduction

The novel non-steroidal anti-inflammatory drug (NSAIDs) and COX-
II inhibitor of the enolic acid oxicam derivatives, Meloxicam (MEL) (4-
hydroxy-2-methyl-N-(5-methyl-2-thiazoly)-2H-1, 2-benzo-thiazine-3-
carboxamide-1,1dioxide) (Fig. 1), is applied to relieve symptoms of
pain and inflammation with analgesic and antipyretic properties [1–3].

Due to extremely low solubility of MEL in acidic medium, it may
cause local gastrointestinal adverse events [4]. It is generally used to
treat osteoarthritis and rheumatoid arthritis; however, it can be used for
other painful conditions such as injuries, cancer surgery, and dental
infections [5]. Up to now, spectrophotometric [6], electrophoretic [7],
chromatographic [8], polarographic [9,10] methods are reported in the
literatures for the analysis of MEL in pharmaceuticals. However, HPLC
technique is commonly used to detect MEL in biological media [11].
Furthermore, chromatographic techniques need manipulation steps and
are time-consuming. For this reason, electrochemical sensors can be
noted owing to their inherent speed of response, sensitivity and sim-
plicity of preparation. In attempt to sensitively quantify MEL con-
centration, the modification of graphite electrode through the

introduction of other materials has considered and received the atten-
tions of analytical researchers.

Nowadays, there has been an increasing interest in graphene-based
materials that improve electronic-transfer in electrochemical sensors
[12,13]. The unique properties of them can be related to their high
surface area, high adsorption capacity, remarkable biocompatibility,
and easy functionalization, resulting in their application in physical,
chemical and biomedical fields [14]. Graphene oxide as the most
popular nanomaterial contains different hydrophilic functional groups
such as hydroxyl, epoxy and acidic and strongly oxygenated [15] that
facilitate its dispersion in various solvents with long-term stability [16].
The investigations on GO-based electrochemical sensors have shown
satisfactory and promising results for sensitive detection of drugs. In
spite of the fact that pristine GO exhibits weak catalytic performance in
some cases due to its poor conductivity [17], different approaches have
been used by modifying the electrodes with different materials to en-
hance its electrochemical performance [18].

ChCl is a quaternary ammonium salt that is non-toxic, biodegrad-
able and very cheap. In addition, whereas choline cation belongs to an
important class of vitamin B family that are water-soluble vitamins and
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plays important roles in cell metabolism by assisting in various meta-
bolic mechanisms, one of the most common components used in deep
eutectic solvents (DES) is ChCl [19]. In comparison with the routine
methods, the advantages of this research work are as follows: (1) the
–OH group of ChCl makes it to be easily assembled onto the surface of
graphene oxide sheets through covalent linkage [20] and (2) the cho-
linium cationic polar head group (–N+(CH3)3) of ChCl can provide a
uniform positively charged surface with a suitable density, which can
facilitate the deposition of Au nanoparticles through the electrostatic
interaction between –N+(CH3)3 and AuCl4− [21]. For these reasons,
Wang et al. [22] reported a simple and sensitive AuNPs modified
electrode using ChCl as a supporting material. There are some reports of
using vitamins in biosystems such as electrochemical biosensor and
their applications to modify ceramic and metallic particles as mod-
ification of TiO2 nanoparticles with vitamin B12 for investigating the
relationships between vitamin B12 content and its optical properties
[21–26].

Among a variety of approaches, the utilization of ultrasound for
materials synthesis has been extensively examined over many years,
and is now positioned as one of the most powerful tools in nanos-
tructured materials synthesis [27]. In this study, choline chloride
functionalized graphene oxide modified with gold nanoparticles was
synthesized by ultrasound that integrates the electrically conductivity
property of graphene, hydrophilicity of choline chloride (ChCl) with
active sites to immobilize the gold nanoparticles (AuNPs). The car-
boxylic groups of GO sheets was chemically modified by ChCl through
oxygen atom via esterification reaction [28]. The covalent functiona-
lization of graphene sheets with ChCl is shown in Scheme 1. The

esterification strategy of GO with ChCl is through its acyl chloride de-
rivative (GOCl) for the activation of the acid groups of GO using thionyl
chloride (SOCl2). The obtained product was named as GOCl-es-Ch. By
this strategy, the selective functionalization of carboxylic acid groups of
GO over other groups at their edges (according to the widely accepted
Lerf–Klinowski model), and epoxy and hydroxyl groups on the basal
planes is provided [29]. Experimental design is a time-saving and cost
effective approach to predict, optimize and extract more information
with the minimum number of experiments. Central composite design
(CCD) is one of the important experimental designs that is useful for the
extraction of the main and quadratic terms along with the possible
interactions between variables in the process [30–33]. The electro-
chemical detection of MEL by AuNPs-ChCl-GO modified electrode was
investigated in detail.

2. Experimental

2.1. Materials

MEL was supplied from Sigma-Aldrich, USA, with 98% purity.
Britton-Robinson buffer (B-R buffer) 4.0× 10−2 M was prepared by
mixing H3PO4, acetic acid and boric acid with the appropriate amount
of 0.2M NaOH to obtain the desired pH. Pure graphite powder was
obtained from Sigma-Aldrich, USA. Paraffin oil purchased from Merck
was used as the pasting liquid for the preparation of the paste elec-
trodes. A stock anhydrous ethanol solution of MEL (1.0×10−3 M) was
prepared and kept in a dark place at below 4 °C. Fresh human plasma
samples were provided from Fars Blood Transfusion Center (Shiraz,
Fars, Iran).

2.2. Instruments and experimental conditions

The FTIR spectra of the samples were recorded by Shimadzu-FTIR-8300
spectrophotometer. X-ray diffractometer with CuKα (λ=1.54178Å) radia-
tion was used. The size of the synthesized nanoparticles was confirmed by
Philips CM10 transmission electron microscopy instrument. Voltammetric
measurements were carried out on Autolab PGSTAT 101 Potentiostat/
Galvanostat (Metrohm Autolab, Utrecht, the Netherlands) in a conventional
three-electrode glass cell (volume 250mL, Autolab, Metrohm Autolab,

Fig. 1. Chemical structure of Meloxicam.

Scheme 1. Synthesis of gold nanoparticles modified choline chloride functionalized graphene oxide (AuNPs-ChCl-GO).
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Utrecht, The Netherlands) with a triple-electrode configuration at ambient
temperature of 25 ± 1 °C and controlled by Nova 1.6 software. The counter
and reference electrodes were platinum (Metrohm) and Ag/AgCl (Metrohm)
electrodes, respectively. Differential pulse voltammetric measurements were
performed at a step potential of 5mV, pulse height of 25mV and pulse width
of 50ms. The shape and surface morphology of the product were investigated
by field emission scanning electron microscope (FE-SEM, Hitachi S4160)
under an acceleration voltage of 10 kV. The atomic composition of the pro-
duct was analyzed by energy-dispersive X-ray spectrometer (EDX) using an
Oxford INCA II energy solid state detector. STATISTICA software version 10.0
(Stat soft Inc., Tulsa USA) was used for experimental design analysis.

2.3. Preparation of the products

2.3.1. Preparation of the GO
The GO was prepared by a modified Hummers’ method by oxidizing

graphite powder [34–37] 3.0 g of the graphite powder was oxidized by
60mL of HNO3 and H2SO4 (1:3, v/v) mixture under reflux in order to
form carboxyl groups on its surface. Then, the mixture was stirred for
48 h and cooled to room temperature. The solid was then centrifuged,
washed with THF and dried in an oven. The pre-oxidized graphite was
further oxidized by a mixture of 120mL H2SO4 and 15.0 g KMnO4

under reflux for 3 h. Finally, the GO was collected and dried.

Scheme 2. Preparation of carbon paste electrode.

Table 1
Experimental parameters obtained by CCD.

Factors Levels Star point α=1.7

Low Central High −α +α

pH of B-R buffer 3.0 5.0 7.0 1.5 8.5
Modifier quantity

(mg)
10.0 15.0 20.0 6.0 24.0

Scan rate (mV/s) 20.0 30.0 40.0 12.0 48.0

Run pH of B-R
buffer

Modifier
quantity (mg)

Scan rate
(mV/s)

I/µA

1 3.0 10.0 20.0 8.34
2 3.0 10.0 40.0 6.80
3 3.0 20.0 20.0 8.23
4 3.0 20.0 40.0 9.80
5 7.0 10.0 20.0 4.73
6 7.0 10.0 40.0 3.30
7 7.0 20.0 20.0 4.93
8 7.0 20.0 40.0 4.80
9 5.0 15.0 30.0 5.40
10 1.5 15.0 30.0 7.50
11 8.5 15.0 30.0 2.00
12 5.0 6.0 30.0 6.12
13 5.0 24.0 30.0 8.85
14 5.0 15.0 12.4 6.95
15 5.0 15.0 47.6 5.40
16 5.0 15.0 30.0 5.20

Fig. 2. FTIR spectra of (A) the GO, (B) the choline chloride, and (C) the AuNPs-ChCl-GO.
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2.3.2. Acylation of the GO
1.0 g of the GO was first dispersed in 20mL DMF under ultrasonic

irradiation for 1 h and then refluxed in the presence of 60mL SOCl2 at
80 °C for 48 [38,39].

2.3.3. Preparation of the choline chloride functionalized GO
0.5 g choline chloride in 10mL THF was added to the thionyl

chloride treated GO under stirring, followed by the addition of 5mL
triethylamine. After sonication for 2 h, the reaction mixture was vig-
orously stirred for 36 h, leading to a dark suspension. The solid was
then centrifuged, and the solvent in the clear solution was partially
removed by evaporation. It was further purified by washing several
times with distilled water and absolute ethanol to remove the excess
trimethylamine. Finally, the product was dried in an oven at 60 °C
overnight.

2.3.4. Synthesis of the AuNPs-ChCl-GO
The synthesis of the supported AuNPs was carried out in two simple

steps: Firstly, the AuCl4− anionic complex was adsorbed onto the
choline chloride functionalized graphene oxide by ion-exchange reac-
tion with the positively charged ammonium groups. The reaction was
carried out by immersing 0.5 g of the functionalized GO in 50.0mL of
0.1×10−3 M HAuCl4 solution. The mixture was kept under stirring for
3 h at room temperature. The solid was then centrifuged and washed
several times with distilled water. In the second step, the functionalized
GO was immersed in 50.0mL of 1.0×10−2 M NaBH4 solution under
sonicated for 30min. The resulting solid was then centrifuged, washed
with distilled water and finally dried at 353 K. The AuNPs-ChCl-GO
synthesized in four steps mentioned above is shown in Scheme 1.

2.3.5. Preparation of the modified electrode
The unmodified carbon paste electrode (CPE) was prepared by

mixing graphite 0.5 g powder with 0.3 mL paraffin oil in a glassy
mortar. The carbon paste was packed into the hole of the electrode
body and smoothed on a filter paper until reaching shiny appearance.
To prepare nanocomposite modified electrode, the known amounts of
the AuNPs-ChCl-GO were separately mixed well with 0.5 g graphite.
Each AuNPs-ChCl-GO paste was mixed well with an appropriate
amount of paraffin oil for 40min until a uniform and homogeneous
wetted paste was obtained (Scheme 2). These pastes were packed into
the hole of the electrode body and smoothed on a filter paper until

reaching shiny appearance. A new surface was obtained by pushing
excess of the paste out of the syringe and polished with weighing paper.

2.3.6. Plasma sample preparation
Prior to analysis, the plasma sample was prepared by deprotonation

of the plasmatic proteins by adding 0.5mL of 2.0 M HClO4 to 1.0mL of
the sample and then, it was centrifuged for 10min at 1500 rpm.
Afterwards, the supernatant was diluted five times and used for MEL
analysis by standard addition method. Therefore, the prepared sample
was spiked with different volumes of MEL standard solution in B-R
buffer solution of pH 4.0.

2.4. Experimental design

Owing to the fact that it is difficult to simultaneously optimize the
process conditions through one variable, the pH of B-R buffer (1.5–8.5),
the modifier quantity (6.0–24.0 mg) and the scan rate (12–48mV/s)
were experimentally designed as indicated in Table 1. The application
of CCD in RSM, was on the basis of STATISTICA software (version 10.0)
to survey the effective parameters influencing the biosensor perfor-
mance. The correlation between the independent variables and the
response was calculated by second-order polynomial equation. Typical
equation and parameters of second order polynomial model were fully
presented in our previous publications [40–42]. The suitability of the
response surface model was evaluated by calculating R squared and
adjusted R2. Analysis of variance (ANOVA) is a statistical method that
partitions the total variation into its component parts while each term
has different sources of variations and is applied for investigation of
linearity, quadratic and interactions modes in a process. It was studied
to evaluate the significance and adequacy of the developed model by
assessing the lack of fit, regression coefficient (R2) and the Fisher test
(F-value), and t-test (p value < .05). The t-value indicates the avail-
ability of statistically difference of the means of two parameters. The
larger t-value and smaller p-value approve the significance of para-
meters [43].

3. Results and discussions

3.1. Characterization of the products

Fig. 2 shows the FTIR spectra of GO and AuNPs-ChCl-GO to clarify

Fig. 3. TEM images of the AuNPs-ChCl-GO.
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the covalent linkage between GO and choline chloride. Fig. 2A indicates
the characteristic bands of GO around 3446, 1725, 1620, 1405 and
1105 cm−1 assigned to the stretching vibration of OeH (intercalated
water), C]O (carboxyl), C]C (double bond), CeOH (hydroxyl) and
CeO (epoxy or alkoxy) groups, respectively [44]. The OeH and CeN

vibrations of pure ChCl in Fig. 2B are positioned at 3300–3500, 1080
and 1050 cm−1, respectively. The peak located at 1050 cm−1 is related
to the CeC-O stretching vibration [44]. In addition, there are more
peaks indicating the presence of a specific group of quaternary am-
monium compounds in the range of 900 to 980 cm−1. The asymmetric

Fig. 4. SEM images of (A,B) the GO with different magnifications (C,D) the AuNPs-ChCl-GO with different magnifications and (E) EDX spectrum of the AuNPs-ChCl-GO.
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and symmetric stretching modes of CeN group of ChCl are located at
955 and 923 cm−1, respectively [45]. The FTIR spectra of AuNPs-ChCl-
GO and ChCl are shown in Fig. 2C. In comparison with ChCl, the fre-
quency of CeC at 955 cm−1 is not changed that indicates the structure
of Ch+ is not destroyed in the nanocomposite [44].

The TEM image of AuNPs-ChCl-GO in Fig. 3 shows the uniformly
distributed AuNPs with average size of ∼13 nm on the GO surface.

Fig. 4 demonstrates the morphology and composition of the GO and
AuNPs-ChCl-GO characterized by FE-SEM and Energy-dispersive X-ray
spectroscopy (EDX), respectively. The pristine GO structure is presented
in Fig. 4A and B showing the typical flake like morphology in different
magnifications. As shown in Fig. 4C and D, many free-standing na-
nosheets with the sizes of 100 nm to micrometers are observed. This
change in morphology indicates the existence of Ch groups on the GO
surfaces. It can be seen that the AuNPs are formed spherically and
homogeneously dispersed on the surface of the ChCl-GO.

The EDX spectrum of AuNPs-ChCl-GO in Fig. 4E shows the forma-
tion of AuNPs and confirms the presence of the C, O, N, Cl, and Au
elements. The nitrogen and chlorine peaks in EDX spectrum can be
attributed to the presence of choline on the surface of the GO. The EDX
analysis indicated that the AuNPs content in the AuNPs-ChCl-GO was
∼2wt%.

Fig. 5 shows the XRD patterns of the GO, choline chloride functio-
nalized GO, and AuNPs-ChCl-GO. The XRD pattern of the GO in Fig. 5A
shows two identical peaks at 2θ=12.29° and 42.47° corresponding to
the (0 0 2) plane of GO and (1 0 0) plane of the hexagonal structure of
carbon, respectively [46]. There is a strong peak at 2θ=12.29°
showing the interlayer distance of 0.68 nm between the GO layers ac-
cording to Braggs law [47]. The XRD pattern of the ChCl-GO in Fig. 5B
indicates the peaks at 2θ values of 16.59°, 22.76°, 28.80°, 29.09°,
29.86°, 30.25°, 34.11°, 36.17°, 41.85°, 45.65°, 49.97°, 50.62°, 51.20°,
52.15°, 54.59°, 58.61°, 70.28° and 72.26° that are in accordance with

Fig. 5. XRD patterns of (A) the GO (B) the choline chloride
functionalized GO (C) and the AuNPs-ChCl-GO.

Fig. 6. Differential voltammograms of 1.0mM MEL in the
B–R buffer (pH 4.0) recorded by the CPE, GO/CPE, ChCl/
GO/CPE and AuNPs/ChCl/GO/PG modified electrodes.
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the result reported in the literature [44]. However, the ChCl-GO shows
the presence of peaks at 2θ values of 12.1°, 17.2°, 21.2°, 22.1°, 24.4°,
26.1°, 27.5°, 30.9°, 32.9°, 34.9°, 43.2°, 46.7°, 50.7°, 52.5°, and 54.9°
indicating the interaction between the GO and choline chloride during
the modification as it observed in the FTIR study as well. The obtained

curve contains a weak peak at 2θ=12.0° related to the GO. According
to the Bragg equation, the distance between the GO sheets was 0.68 nm
while after modification this distance reached to 0.73 nm. Increasing in
distance is related to the presence of choline chloride agents on the
surface of the GO sheets [48]. Fig. 5C shows the XRD pattern of the
synthesized AuNPs-ChCl-GO that indicates the formation of AuNPs after
reduction by NaBH4 solution. The diffraction peaks at 2θ=38.04°,
44.62°, 63.26° and 78.92° are in good accordance with the (1 1 1),
(2 0 0), (2 2 0), and (3 1 1) crystallographic planes of face-centered
cubic (fcc) AuNPs (JCPDS NO. 00-004-0784), respectively [49].

The observation of peaks at 2θ=21.2° and 43.2° clearly indicate
the presence of choline chloride agents on the surface of the GO sheets.
However, no obvious diffraction peak of GO is observed. The possible
mechanism is that the attached AuNPs prevent the restacking of these
carbon sheets; therefore, the characteristic diffractions peaks of the
layered structure disappear [49–52]. The results obtained by char-
acterization techniques confirm that the AuNPs-ChCl-GO was success-
fully prepared.

3.2. Electrochemical behaviors of the prepared electrodes

The voltammetric measurements of CPE, GO/CPE, GO-ChCl/CPE,
and AuNPs-ChCl-GO/CPE electrodes were performed towards the
electrochemical sensing of MEL. The results in Fig. 6 demonstrate that
optimum electrocatalytic efficiency is achieved by the AuNPs-ChCl-GO-
based sensor. It is important to be noted that no measurable peak
currents was observed without the presence of MEL in the studied po-
tential range proving the performance of the sensor.

3.3. Evaluation of CCD model and interaction of input variables by RSM
plots

In the optimization experiments, the 16 runs designed by CCD were
carried out and the subsequent analysis by ANOVA predicted a second-
order polynomial function as follows:

= − − + + −

+ − + +

Y 5.45524 3.50226X 0.33277X 1.22512X 1.42544X 0.71446X

0.53164X 0.29800X X 0.32805X X 1.11742X X
1 1

2
2 2

2
3

3
2

1 2 1 3 2 3

where, Y is the current (response), X1 is the pH, X2 is the modifier
quantity and X3 is the scan rate. The positive values indicate their po-
sitive effect on response and the magnitude of parameters effect can be
evaluated.

Fig. 7. (A) Linear correlation plot between actual and predicted data (B) the relationship
between the residual and predicted data (C) Pareto chart for effect evaluation of the
various variables on the response by the AuNPs/ChCl/GO/CPE.

Table 2
Results of ANOVA for CCD.

Source Sum of
Squares

Df Mean Square F-Value p-value

(1) pH of B-R solution (L) 44.32966 1 44.32966 2216.483 0.013520
pH of B-R solution (Q) 0.18846 1 0.18846 9.423 0.200487
(2) Modifier quantity (mg) (L) 6.22242 1 6.22242 311.121 0.036054
Modifier quantity (mg) (Q) 5.78937 1 5.78937 289.468 0.037375
(3) Scan rate (mV/s) (L) 1.27717 1 1.27717 63.858 0.079254
Scan rate (mV/s) (Q) 1.09350 1 1.09350 54.675 0.085577
1L by 2L 0.17761 1 0.17761 8.880 0.206114
1L by 3L 0.31681 1 0.31681 15.840 0.156711
2L by 3L 2.42881 1 2.42881 121.440 0.057612
Lack of Fit 1.47497 5 0.29499 14.750 0.195047
Pure Error 0.02000 1 0.02000
Total SS 65.31178 15
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Fig. 7A illustrates a linear relationship between experimental data
and fitted model, indicating normal distribution around the average
response with minimum error. A predicted R2-value of 97.50 is also
achieved that is acceptable in comparison with the adjusted R2-value of
94.00. The normal probability of residuals in Fig. 7B indicates that al-
most no serious deviation of the predicted data is seen in comparison

with the experimental data after the analysis. Satisfactory normal dis-
tribution of the results confirm the suitability and applicability of the
prediction.

Pareto chart was used to visualize the estimated effect of the vari-
ables. The chart in Fig. 7C shows the significant effects of X1, X2, X2

2 on
the peak current.

Fig. 8. Response surface plots of (A) pH versus modifier quantity (mg), (B) scan rate (mV/s) versus pH, and (C) scan rate (mV/s) versus modifier quantity for current response of
biosensor.

Fig. 9. Profiles for the observed, desirability function and predicated values for performance estimation of the AuNPs/ChCl/GO/CPE for MEL detection.
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As demonstrated in Table 2, all the observations is substantiated.
The non-significant value of lack of fit represents validity of the
quadratic model for explanation of the experimental data in present
study. The interaction results obviously demonstrate higher efficacy of
the linear terms of the pH and modifier quantity in comparison with the
scan rate. Increasing modifier quantity to higher values has a positive
effect on the response. In contrast, while the pH increases to higher
values, negative response is obtained and no significant changes is seen
at lower pH (Fig. 8). According to the desirability function in Fig. 9, the
maximum response can be achieved using 24.0 mg modifiers at
pH=4.0 with a scan rate of 40mV/s.

3.4. Analytical characterization and method validation

The solutions of AuNPs-ChCl-GO in the B-R buffer at pH=4.0
containing various concentrations of MEL were used under optimized

conditions to perform DPVs experiments. The variations of peak current
versus MEL concentrations in Fig. 10 show a linear calibration curve
with approximately two orders of magnitude in the concentration range
of 9.0× 10−9 to 8.5×10−7 M with the regression equation of I
(μA)=42.256 C(µM)+0.7855 and R2=0.9919. The limit of detec-
tion (LOD) and the limit of quantification (LOQ) were calculated ac-
cording to signal to noise ratio (S/N) for three times and ten times,
respectively, where, S is the standard deviation of the background. As
can be seen in Table 3, LOD value is 1.008×10−9 M, while the LOQ
value is 3.360×10−9 M. The results of intra-day and inter-day preci-
sions are 2.05% and 1.87%, respectively. By storage of the electrode in
the air for two weeks, no changes were seen in the peak current of the
AuNPs-ChCl-GO electrode and it kept 90.0% of its initial response up to
one month.

3.5. Application of the biosensor for real sample

To evaluate MEL concentration in the prepared human plasma
sample, the AuNPs-ChCl-GO sensor was applied. The method of the
plasma sample preparation was mentioned in Section 2.3.6. The stan-
dard addition calibration curve plotted for detection of MEL in real
sample in Fig. 11 shows a straight line in the linear dynamic range with
the regression equation of I (μA)=98.26C+9.57 and R2=0.993. An
average value of 0.508 µM was obtained for MEL in the plasma sample

Fig. 10. (A) DPVs of MEL in the B–R buffer solution at
pH=4.0 containing different concentrations of MEL at a
scan rate of 40mV/s and (B) plot of the peak current as a
function of MEL in the concentration range of 9.0× 10−9

to 8.5× 10−7M.

Table 3
Quantitative results, precision and accuracy data for estimation of method validation.

DLR
(μM)

LOQ
(μM)

LOD
(μM)

Repeatability Reproducibility
Intra-day, RSD
(n= 3)

Inter-day; RSD
(n= 3)

(0.01 μM) (0.01 μM)
0.009–0.85 1.008× 10−9 3.36× 10−9 2.05% 1.87%

Fig. 11. (A) DPVs obtained by the AuNPs/ChCl/GO/CPE
electrode as a function of standard MEL concentration
added to the human plasma real samples in the range of
0.02–0.2 µM in the B-R buffer solution at pH=4.0 and (B)
standard-addition calibration plot from the data.
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that is in good agreement with the spiked value. The results obtained in
this study verify the efficacy of the proposed biosensor.

4. Conclusions

In this research study, a combination of AuNPs, choline chloride and
grapheme oxide was produced, characterized by FTIR, TEM, FE-SEM,
EDX, and XRD and then applied as novel bioelectrochemical sensor to
investigate the electrochemical response towards MEL. CCD-RSM de-
sign used to improve MEL detection was successfully optimized the
levels of parameters with a desirability function. According to the de-
sirability function, the maximum response was achieved using 24.0mg
modifiers at pH=4.0 with a scan rate of 40mV/s. The linear re-
lationship between experimental data and fitted model indicated
normal distribution around the average response, confirming minimum
error with acceptable R2-value of 97.50 in comparison with the ad-
justed R2-value of 94.00. The results showed that the storage of the
electrode in the air for two weeks had no changes in the peak current of
the AuNPs-ChCl-GO electrode and it kept 90.0% of its initial response
up to one month. The application of the biosensor for real sample had
an average value of 0.508 µM for MEL in the plasma sample that was in
good agreement with the spiked value. The advantages including fa-
vorable low detection limit value, easy preparation and the long-time
stability and reproducibility introduce the investigated biosensor as a
very applicable and simple device for MEL detection in the presence of
many interfering species in biological samples.
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