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The most generally spread neurotransmitter acetylcholine (Ach) is used as a chemical messenger assisting in
conveying signals transversely through the nerve synapse. Herein, two enzymes acetylcholinesterase and choline
oxidase were covalently immobilized over the gold nanoparticles (AuNPs) embedded graphene oxide (GO; 2D
carbon material) nanocomposite modified ITO coated glass plate. The synergetic and unique properties of
AuNPs andGO present in nanocomposite are used to detect the ultra-small concentration of analyte, Ach. The pre-
pared nanocomposites were characterized using different techniques i.e. TEM, XRD, SEM, FTIR, UV–Vis and
Raman Spectroscopy. All the electrochemical measurements were performed using 3 electrodes integrated elec-
trochemical system by introducing Ach through varying its concentration from 100 pM to 1000 nM. Cyclic volt-
ammetry curves for different concentrations of Ach indicate the facile charge transfer process over the working
electrode. Square wave voltammetry curves indicate the good sensing measurements of the modified electrode
at the fixed potential. The limit of detection was found to be as low as 100 pM. In addition to these, selectivity of
the electrode towards Achmolecule was confirmed bymeasuring the response towards other interfering agents.
Besides this, the present nano interface is capable of detecting Ach in biological fluid such as serum.

© 2019 Published by Elsevier B.V.
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1. Introduction

Choline is a nutrient which is vital for human brain development
specifically crucial for cellular growth. Hence, its intake in daily diet in
organisms is required for proper functioning of brain and healthy life
[1]. Few animals cannot synthesize choline, but must consume it in
their diet to stay healthy. Humans can produce choline in the liver in
small quantity. Also, choline takes part in the production of acetylcho-
line (Ach) which is an important neurotransmitter in both nervous sys-
tems: central and peripheral. The quantity of Ach produced in body
should not be below certain level as the decrement in its level leads to
several nervous disorders like Alzheimer's disease, Parkinson's disease,
Huntington disease and multiple sclerosis [2]. So, the detection of Ach
is important for diagnosis of nervous system related disorders. Various
methods of detection for Ach are available such as, high-pressure liquid
chromatography (HPLC) [3], gas chromatography with mass spectrom-
etry (GC–MS) [4], radioimmunoassay [5], colorimetric methods [6] and
chemiluminescence [7]. Novel electrochemical methods of Ach detec-
tion had also been reported. These methods were characterized with
excellent sensitivity and specificity. An Ach sensor comprised of co-
immobilized enzymes choline oxidase (ChO) and acetylcholinesterase
gmail.com (D.K. Avasthi).
(AchE) on the exterior of iron oxide nanoparticles (Fe3O4 NPs) with
poly(3,4-ethylenedioxythiophene) polymer and rGO decorated fluorine
doped tin oxide (FTO) [8]. A bienzymatic metal organic framework
(MOF) amended gold electrode was also constructed to detect Ach in
aqueous samples [9]. Another such biosensor utilizes the bienzymatic
system coated on the surface of platinum nanoparticles and graphene
modified ITO electrode [10]. Different other graphene/graphene oxide
nanocomposites based biosensors are also reported in literature for
the detection of Ach [11,12]. These methods provide rapid detection
with enhanced specificity and sensitivity with long shelf life. However,
it is known that detection of Ach is challenging due to the absence of
any electro-active or chromophore group.

Previous reports have shown that carbon-based nano materials are
non-toxic as well as biocompatible suitable for their utilization as bio-
sensors [13–16]. Like, carbon nanotubes (CNTs) [17] along with metal
nanoparticles [18] have shown their potential application in electro-
chemical biosensing. Also, graphene which contains only sp2 bonded
carbon atoms is being used for sensing applications. However, graphene
has advantage over CNTs in electrochemistry due to its high specific sur-
face area [19]. Graphene oxide (GO), an oxidized form of graphene have
oxygen-moieties like epoxy, carboxyl and hydroxyl [20]. Its synthesis is
very simple as compared to graphene and it can be reduced to obtain
graphene-like properties [21]. Due to the presence of functional groups
on edges and basal planes of GO, it is beingused as an efficientmatrix for
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preparing nanocomposites [22]. Literature shows that various nano-
composites prepared by decorating metal nanoparticles (like Au [23],
Ag [24], Pt [25] and Pd [26]) on GO were used for enhancing sensing
ability of biosensors. In addition, gold being biocompatible, is consid-
ered outstanding in form of nanostructures with different shape as
metal and widely used in biomedical applications [27]. Specifically, the
importance of combining AuNPs with GO lies in providing better analyt-
ical properties which have been used for biosensing the macromole-
cules e.g. cholesterol [28].

In the present study, we prepared gold nanoparticles-graphene
oxide (AuNPs-GO) nanocomposites to utilize the unique properties of
AuNPs and GO. AuNPs, apart from being biocompatible and conductive,
provide large surface area for detection of analyte. Glucose used as cap-
ping agent for AuNPs also reduced graphene oxide partially in its vicinity
increasing the conductivity. The nanocomposites were characterized
using UV–Vis spectroscopy, Fourier transform infrared (FTIR) spectros-
copy, X-ray diffraction (XRD) and Raman spectroscopy. The ITO elec-
trode was modified with this nanocomposite and used for the co-
immobilization of AchE-ChO. Electrochemical measurements were per-
formed to study the sensing ability of AchE-ChO based AuNPs-GO/ITO
electrode towards Ach measurement.

2. Experimental section

2.1. Chemical and reagents

GO solutions purchased from Graphene Supermarket, USA.
Chloroauric acid, glucose, monosodium and disodium phosphate salts,
ferri–ferrocyanide, acetylcholinesterase and choline oxidase were
brought from Sigma Aldrich. Acetylcholine iodide was brought from
Sisco Research Laboratories Pvt. Ltd. Potassium ferricyanide, potassium
ferrocyanide, NaCl, KCl, Na2HPO4 and KH2PO4 were acquired from
Fisher Scientific. Ethanol and de-ionizedwaterwere utilized as solvents.
Fig. 1. Graphical representation for the stepwise preparation
2.2. Characterization tools

X-ray diffraction pattern of AchE-ChO@AuNPs-GO nanocomposite
was obtained using D8 Bruker X-ray Diffractometer with Copper as
source having the wavelength of 1.54 Å. Electronic transitions in nano-
composite were identified using Hitachi U-3300 double beam UV–
visible spectrophotometer in the range of 200–800 nm wavelength.
Verter 70 V, Bruker Optik High-resolution Fourier transform infra-red
(HR-FTIR) spectroscopy was employed to identify different functional
groups present in AuNPs-GO nanocomposite. Raman spectroscopy of
the nanocomposite was performed using Renishaw Invia Ramanmicro-
scope using Argon laser of wavelength 514.5 nm.Micrographswere ob-
tained to study the morphology of the sample using MIRA II LMH
(TESCAN) field emission scanning electron microscope (FE-SEM) and
detailed structure using transmission electron microscope (JEOL JEM-
2100F). Bio-logic SAS (SP-200) three-electrode electrochemical system
was used for electrochemical measurements. Ag/AgCl was used as the
reference electrode, platinum wire as auxiliary electrode and AchE-
ChO/AuNPs-GO/ITO@ glass electrode was used as working electrode.

2.3. Preparation of AuNPs-GO nanocomposite

Commercially procured GO solution from USA Graphene Supermar-
ket was used. Standard procedure was adopted for synthesizing
glucose-capped AuNPs in which glucose act as reducing agent for
chloroauric acid and capping agent for AuNPs. These nanoparticles
were placed in the refrigerator to avoid any agglomeration. Then GO so-
lution and AuNPs weremixed in 0.5:1 ratio by continuous stirring for 1 h
at ambient temperature. The resultingmixturewas drop casted over the
ITO@ glass plate electrode and dried at room temperature for 24 h. After
drying, AuNPs-GO/ITO@ glass was functionalized with chitosan. AchE
and ChO solution were mixed in the ratio of 1:20. The AuNPs-GO/ITO@
glass electrode was immersed in the enzyme solution for 24 h. The
of working electrode and its mechanism to detect Ach.



Fig. 4. FTIR spectrum of AchE-ChO/AuNPs/GO nanocomposite indicating different
functional groups present.

Fig. 2. XRD pattern of AchE-ChO/AuNPs/GO (10:1) modified ITO@ glass electrode showing
the peaks of AuNPs and ITO substrate.
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unbound enzyme on the surface of the AchE-ChO/AuNPs-GO/ITO@ glass
electrode was removed by using washing buffer to the surface of the
electrode. TheAchE-ChO/AuNPs-GO/ITO@glass electrodewas constantly
stored dry in a fridge at 4 °C. Electrochemical measurements were car-
ried out to choose the electrodewith better oxidation/reduction proper-
ties for further studies. Fig. 1 illustrates the stepwisemodification of the
working electrode we have used in the present work and enzymatic re-
actions involved in the detectionmechanism of Ach in presence of AchE
and ChO co-immobilized over the AuNPs-GO/ITO@ glass electrode.

2.4. Electrochemical assay for the detection of Ach

The estimation of Ach and Ch depends upon the subsequent enzy-
matic reaction:

AcetylcholineþH2O →
AchE

Cholineþ Acetate

Cholineþ O2 →
ChO

Betaine aldehydeþH2O2
Fig. 3. UV–Visible absorption spectrum of AuNPs/GO showing surface plasmon resonance
(SPR) peak of AuNPs.
At the time of electrochemical sensing, enzymatic reaction leads to
the formation of choline after interacting with substrate i.e. Ach in the
presence of the enzyme AchE. The oxidation of H2O2 and thereby pro-
duced electrons (current) are linearly related to choline and in turn pro-
portional to Ach concentration involved in the reaction.

CV measurements were performed using 3 electrode cell having
20mL ferri/ferro solution as electrolyte (2.5mM), 5mL of 0.1M sodium
phosphate buffer (pH 7.5) and 0.1mL of Ach (0.1mM). The current (μA)
was recorded through CV considering potential range in between−0.6
and+ 0.6 V (vs Ag/AgCl). In order to evaluate the sensing performance,
detection limit, response time and various concentrations of Ach on co-
immobilized AchE-ChO over AuNPs-GO/ITO@ glass electrode were
studied.

2.5. Detection of Ach level in real samples

Five serum samples were procured from healthy individuals from
Biodiagnostics Lab, Rohini, Sector-8, N. Delhi. In this analysis, cyclic volt-
ammetry curves of the samples were obtained in which Ach was pre-
Fig. 5. Raman spectrum of AchE-ChO/AuNPs/GO nanocomposite electrode showing D and
G peaks as characteristics peaks of GO.



Fig. 8. EIS plot for bare ITO@ glass electrode (a), GO modified ITO@ glass electrode (b),
AuNPs/GO modified ITO@ glass electrode (c) and AchE-ChO/AuNPs/GO modified ITO@
glass electrode (d) in ferri/ferro solution as electrolyte (2.5 mM) and sodium phosphate
buffer (0.1 M, pH 7.5).

Fig. 6. Morphology of AchE-ChO/AuNPs/GO film as seen in FE-SEM micrograph.
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determined by the laboratory to compare the results of the present bio-
sensor with the current technique employed in laboratory for Ach de-
tection. The serum analysis was similar to reaction estimation
excluding the analyte (Ach) which was replaced by serum sample.
3. Results and discussion

3.1. Characterizations

X-ray diffraction pattern of AuNPs-GO electrode was obtained by ap-
plying the scan ranges from 100 to 600 (2θ) in locked coupled mode as
shown in Fig. 2. The peaks at ~21.90, ~31.10, ~36.00 and 51.60 correspond
to (211), (222), (400) and (440) planes of ITO electrode [29,30]. The
peak at ~ 38.20 is due to (111) plane of AuNPs present in AuNPs-GO nano-
composite [31]. Fig. 3 shows UV–Visible spectrum (in absorbance
mode) of the AuNPs-GO/ITO@ glass electrode in the scan range of
350 nm to 800 nm with scan speed of 120 nm/min. A broad hump
around 550 nm is observed due to the surface plasmon resonance of
AuNPs [27] indicating the presence of AuNPs.
Fig. 9.A cyclic voltammetry plots for AchE-ChO/AuNPs/GO electrode in ferri/ferro solution
as electrolyte (2.5 mM) and sodium phosphate buffer (0.1 M, pH 7.5) in the scan range of
−0.7 to +0.8 V with varying concentration of Ach from 100 pM to 900 pM (for lower
range). B. The calibration curve of Ach concentrations.Fig. 7. TEMmicrograph of AuNPs/GO nanocomposite showing AuNPs and GO surface.



Fig. 10. Cyclic voltammetry curves for AchE-ChO/AuNPs/GOmodified ITO@ glass electrode
in ferri/ferro solution as electrolyte (2.5mM) and sodiumphosphate buffer (0.1M, pH7.5)
in the scan range of−0.7 to +0.8 V with different scan rates.
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Different functional groups present in enzyme-coated AuNPs-GO/
ITO@ glass electrode were identified using Fourier transform infra-red
spectroscopy in the scan range of 500–3999 cm−1 (Fig. 4). The bands
at 1 and 2 correspond toC\\Hwagging andC\\C skeleton vibrations, re-
spectively [32]. As during the synthesis procedure, the enzymes, AchE
and ChO were mixed and working electrode was immersed in it for
bounding enzymes over it, signature of their bonding could be seen in
FTIR spectrum. The bands 3, 5 and 7 are due to C\\N and N\\H
stretching vibrations which indicate that AchE-ChO is attached to GO
functional groups. C_C bonding of GO is indicated by the band at 6.

Raman spectroscopy is a vital tool for C-related materials as it is ex-
tremely susceptible to the graphitic and defective regions [33,34].
Raman spectroscopy was performed on the working electrode in the
range of 1150–1800 cm−1 with the laser power of 5 mW for the expo-
sure time of 20 s. The characteristics G and D peaks of GO at
1350 cm−1 and 1550 cm−1, respectively, were identified as shown in
Fig. 5. The G band corresponds to sp2 hybridization of carbon rings
and D band arises due to the O2 including functional groups attached
to edges and basal planes of GO.
Fig. 11. Plot showing the linear behaviour of anode and cathode peak currents varying
with the (scan rate)1/2.
Surface morphology was studied using FE-SEM which shows the
wrinkled surface of GO (Fig. 6). Transmission electron microscopy of
AuNPs-GO nanocomposite was performed using 200 keV electron
beam as shown in themicrograph of Fig. 7. TEMmicrograph is showing
thewrinkled surface of GO sheets as well as the AuNPs which are identi-
fied as the dark spherical structures adhered to the GO sheets.

The electrochemical impedance spectroscopy technique (EIS) was
carried out to characterize the different stages for the preparation of
working electrode. Fig. 8 represents the EIS curves of bare ITO@ glass
electrode (a), GO/ITO@ glass electrode (b), AuNPs-GO/ITO@ glass elec-
trode (c) and AchE-ChO/AuNPs-GO/ITO@ glass electrode (d), obtained
in electrolytic solution of 0.1 M sodium phosphate buffer (pH 7.5) and
2.5 mM potassium ferricyanide and potassium ferrocyanide. It shows
that bare ITO@ glass possesses the highest Ret (230 Ω) and it is de-
creased to 130 Ω while modified with GO. Subsequently, AuNPs-GO/
ITO@ glass electrode showed the most lowest Ret of 100 Ω, due to the
high conductivity of the material. After immobilization of enzymes
over the NPs modified electrode Ret increased upto 440 Ω (d), it
showed greater hindrance to electron transfer. Since enzymes are bio-
molecules, resulting in causing obstruction for the transfer of electrons
Fig. 12. A Square wave voltammetry curves of AchE-ChO/AuNPs/GO electrode with Ach
concentrations (lower range) varying from 200 pM to 900 pM. B Square wave
voltammetry curves of AchE-ChO/AuNPs/GO electrode with Ach concentrations (higher
range) varying from 100 pM to 1000 nM.



Table 1
Analytical recovery of Ach in spiked serum samples using AchE-ChO/AuNPs-GO/ITO@ glass
electrode.

Substrate/analyte Amount added (nM) Amount found (nM) Recovery (%)

Ach 1.0 0.98 98.0%
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as described. The above results (EIS) confirms a desirable modification
occurred during the preparation of working electrode.

3.2. Voltammetric studies

Voltammetry testing were carried out on enzyme based AuNPs-GO/
ITO@ glass electrode in the scan range of −0.7 V to +0.8 V with
20mV/s scan rate. The CV curves (Fig. 9A)were obtained for the Ach so-
lutions having concentration ranging from100 pM to 900 pM(for lower
range). The oxidation and reduction peak currents indicate good elec-
trochemical properties of the electrode. Fig. 9B illustrates the calibration
curve between Ach concentrations (pM) and current response (mA). It
depicts the change of sensing signal in the form of current by increasing
the Ach concentrations upto 900 pM. By plotting the reciprocal of the
Ach concentrations (X) and the reciprocal of the current response
(Y) acquired, the affinity constant /Km for the bienzyme-based elec-
trodewas found to be 285.71 pM. The slope of the linear curve/sensitiv-
ity was calculated 0.383 mA/pM.

Fig. 10 is showing the cyclic voltammetry curves for AchE-ChO/
AuNPs-GO/ITO@ glass electrode in 2.5mM ferri/ferro solution as electro-
lyte and 0.1M sodiumphosphate buffer (pH 7.5) by applying the poten-
tial from −0.7 to +0.8 V with varying the scan rates (10 mV/s to
100 mV/s). The rise in cathodic and anodic peak currents with the in-
crease in scan rate indicates the homogeneous and constant electron
transfer through the electrode. Fig. 11 illustrates the variation of peak
current with the square root of scan rate. The linearity in the peak cur-
rents (anodic and cathodic) with scan rate signify the facile charge
Fig. 13. A Relative response of different interfering agents is plotted with respect to Ach
response. B Current response of the biosensor fabricated on five different electrodes for
the detection of Ach.
transfer process in the electrode which can be described by the follow-
ing parameters and equations:

For anodic current:

Intercept : −0:12619� 0:00979

Slope : 0:08679� 0:00132

Y ¼ 0:08679 x–0:12619

For cathodic current:

Intercept : 0:13056� 0:0137

Slope : −0:10578� 0:00185

Y ¼ −0:10578 xþ 0:13056

3.3. Sensing measurements

The sensing efficiency of fabricated AchE-ChO/AuNPs-GO/ITO@ glass
electrode was estimated using cyclic voltammetry technique in −0.7
to +0.8 V potential range and scan rate of 20 mV/s. The sensing effi-
ciency was estimated in the concentration range of 100 pM to 1000 nM.

The data can also be correlated with that acquired with square wave
pulsed voltammetry. Square wave voltammetry is employed because it
gives distinctive anodic peak potentials which give a clear idea about
the oxidation occurring at the surface of electrode. The substrate con-
centration range is divided into two categories: low range of concentra-
tions from 200 pM to 900 pM (Fig. 12A) and high range of
concentrations from 100 pM to 1000 nM (Fig. 12B). It was observed
that the anodic and cathodic peak potentials exhibited a gradual rise
with increasing concentration in both ranges. This technique also
imparted the same gradual increase in the anodic peak potential and
thus, confirms good sensing efficiency of the fabricated electrode show-
ing the excellent charge transfer on the surface of electrode. The linear-
ity can be inferred as the efficient sensing capability of the fabricated
electrode. The detection limit for the electrode was observed to be 100
pM,which is lower than the detection limit reported earlier in literature
with other electrodes modified with Fe2O3NPs/rGO/PEDOT [8], AchE-
ChO/Pt/MOF/Au [9], AchE-ChO/Quantum dots/rGO [12], AchE-ChO/Pt/
graphene [10] and Fe3O4 nanospheres/rGO [11]. The response time is
Table 2
Precision study for Ach determination in serum samples using AchE-ChO/AuNPs-GO/
ITO@glass electrode.

Substrate/analyte Within batch (n = 5)
Mean ± SD

Between batch (n = 5)
Mean ± SD

Ach 1.04 ± 0.21 1.13 ± 0.42



Table 3
Comparison of analytical properties of present biosensor with earlier reported electrochemical interfaces.

S. no. Type of biosensor Matrix Detection limit Linear range Response time (seconds) References

1. Electrochemical Fe2O3NPs/rGO/PEDOT modified FTO electrode 4.0 nM 4.0 nM to 800 μM b4 [8]
2. Electrochemical AchE-ChO/PtNPs/MOF cladded Au electrode 0.01 μM 0.01–500 μM NR [9]
3. Electrochemiluminescence Quantum dots/electrochemically reduced graphene oxide 4.7 μM 10–250 μM NR [12]
4. Electrochemical ITO plate modified Pt-Graphene NPs – 0.005–700 μM 4 [10]
5. Colorimetry Fe3O4 Nano Spheres/rGO 39.0 nM 0.1–10,000 μM NR [11]
6. Electrochemical AchE-ChO-AuNPs-GO/ITO@glass electrode 100 pM 100 pM to 1000 nM 3 Present

* NR = Not reported.
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found to be 3 s for themeasurement of current after addition of analyte
i.e. Ach, which is less than the reported work on AchE-ChO/Pt/graphene
modified electrode [10] and Fe2O3NPs/rGO/PEDOT modified FTO elec-
trode [8].

3.4. Interference studies

Selectivity among other interfering agents is one of the important
criteria for choosing a biosensor. Therefore, different common interfer-
ing agents (Ascorbic acid, Urea, Glucose, Bilirubin and Dopamine) were
tested along with Ach and cyclic voltammetry curves were obtained.
Anodic and cathodic currents were noted down for each interfering
agent and compared with the current response for Ach as shown in
Fig. 13A. Compared to Ach (1 nM), the current change caused by intro-
duction of the five interfering compounds are b15% and so the selectiv-
ity of biosensor is acceptable.

3.5. Analysis of real samples

Five real serum samples were examined for the estimation of feasi-
bility and applicability of the developed biosensor. Generally, 8.66 ±
1.02 nM is considered as the normal Ach level in human serum [10].
In serum samples the known concentrations of Ach solution was
added and measured by the developed AchE-ChO/AuNPs-GO/ITO@
glass electrode. The biosensor was evaluated to obtain important ana-
lytical parameters e.g. precision and recovery for Ach detection. The an-
alytical recovery of the prepared biosensor is presented in Table 1. The
mean analytic recovery of added Ach at final concentration of 1.0 nM
(in spiked serum sample) obtained by the present biosensor was
98.0%. The other analytical property, precision of the prepared biosen-
sor, is reported in Table 2. To test the consistency and reproducibility
of the present biosensor, Ach concentration in a same serum sample
was tested multiple times (5 times) in a single day (within a batch)
and again after storing the same sample for one week at 4 °C (between
batch). All the determined Ach concentrations were consistent. The co-
efficient of variation for both batches within and between was found to
be 1.04% and 1.13%, respectively, which shows good reliability of the
present sensing device. A comparative analysis for analytic parameters
of different types of biosensors for detection of Ach with the present
nanocomposite based sensor is summarized in Table 3.

3.6. Storage stability of the AchE-ChO/AuNPs-GO/ITO@ glass electrode

The stability of AchE-ChO co-immobilized AuNPs-GO/ITO@ glass
plate was estimated by analyzing current obtained with 1.0 nM Ach so-
lution in amixture of 0.1M PBS (pH 7.5) at a regular interval of 7 days. It
is observed that when as-prepared enzyme electrodewas stored at 4 °C,
it is capable of retaining the sensing activity upto 70% for the period of
8 weeks. It is observed that the loss in activity of enzyme electrode is
mainly as a result of denaturing of the AchE-ChO (enzymes) causing
an effect on the stability of AchE-ChO/AuNPs-GO/ITO@ glass electrode.

The reusability of the biosensor was significantly tested through the
reproducibility technique. In order to check the reusability, 0.1 mM of
Ach was utilized with 5 separately fabricated electrodes. As shown in
Fig. 13B, these 5 independently developed electrodes demonstrated a
homogeneous current yield. A moderately lower standard deviation
was obtained supporting a high repeatability and precisely reusable
and reproducible quality of the present Ach biosensor.

4. Conclusions

Enzymes based AuNPs-GO nanocomposite on ITO@ glass plate as
working electrode was prepared. Different characterizations like UV–
Visible spectroscopy, X-ray diffraction and scanning electron micros-
copy confirmed the presence of AuNPs. Also, FTIR confirmed the attach-
ment of AchE-ChO enzymes with the functional groups of GO. Cyclic
voltammetry curves showed the sensing ability of the working elec-
trode towards Ach concentrations ranging from 100 pM to 1000 nM.
The limit of detection was found to be 100 pM. Square wave voltamm-
etry plots also support the results and showed good anodic peak for
varying concentration of Ach. Interference studies showed the good se-
lectivity of electrode for Ach among other common interfering agents
and hence this electrode can be employed as rapid and precise Ach bio-
sensor. The present biosensor is also tested for the real sample analysis.
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