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Amperometric cholesterol biosensor based on zinc
oxide films on a silver nanowire—graphene oxide
modified electrode

Qiong Wu,*? Yiting Hou,” Mengdan Zhang,? Xiaochun Hou,? Lin Xu,“® Nana Wang,?
Jianpu Wang® and Wei Huang?®

A highly sensitive and selective cholesterol biosensor is successfully fabricated in this work. Due to excellent
conductivity and catalytic activity, silver nanowires (AgNWs) and zinc oxide (ZnO) are modified on an indium
tin oxide (ITO) electrode with graphene oxide (GO) and chitosan (CS) to construct the novel amperometric
biosensor. The composite of AQNW-ZnO successfully enhanced electron communication, and the
electrochemical performances of the ChOx/ZnO/Ag/GO-CS/ITO electrode were investigated via
scanning electron microscopy (SEM), cyclic voltammetry (CV) and impedance measurements. The linear
response to cholesterol in the range of the fabricated biosensor is 0.25-400 mg dL™* (6.5 uM to 10 mM)
with a sensitivity of 9.2 nA pM™ cm™2. Moreover, the limit of detection (LOD) is 0.287 uM (S/N = 3), and
the Michaelis—Menten constant is calculated to be about 0.295 uM in 0.1 M phosphate buffer solution
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Introduction

Cholesterol is an adipic substance which can be widely found in
organisms. It contributes to constituting plasma membranes
and protecting mammalian cells from foreign matter.* The total
cholesterol level in a healthy person's serum should be lower
than 200 mg dL ™" (5.2 mM). A high cholesterol level may lead to
fatal diseases, such as atherosclerosis, cerebral thrombosis,
coronary heart diseases and myocardial infarction.> Therefore,
developing a highly sensitive biosensor for cholesterol analysis
is important in clinical diagnosis. The key to the question is
how to detect the concentration of cholesterol.

Recently, in order to meet the needs of patients, cholesterol
estimation techniques have been developed at a fast pace. Many
methods can be used to detect cholesterol in blood plasma such
as fluorometry,* high performance liquid chromatography,* and
electrochemical methods.® Electrochemical biosensors are
accurate, speedy and convenient. In order to analyze choles-
terol, electrochemical assays requiring the use of specially
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modified electrodes have attracted great attention of more and
more researchers.

Most cholesterol biosensors are developed based on the
electrochemical reduction of hydrogen peroxide (H,O,). For
example, cholesterol oxidase (ChOx) and horseradish peroxi-
dase (HRP) are modified on the biosensor, which yields H,0,
and performs the redox production of cholesterol (cholest-4-en-
3-one) via an enzymatic reaction.® Hence, improving the enzyme
activity is one of the most attractive methods for monitoring
cholesterol.

In our previous work, we fabricated a nonenzymatic choles-
terol sensor based on silver nanowires (AgNWs) to improve the
electrocatalytic activity of the reduction of H,0,.” AgNWs have
many remarkable properties such as large surface to volume
ratios, high conductivity, good surface reaction activity and
catalytic activity.® This friendly microenvironment of one-
dimensional (1-D) nanomaterials is not only helpful to enhance
the adsorption ability of biomolecules, but also beneficial to
facilitate electron transfer in biosensors.” These low-cost
materials are ideal candidates for the development of electro-
chemical sensors.

The metal-semiconductor zinc oxide (ZnO) and its 1D
nanostructure also have attracted great interest in biosensing
applications due to its unique properties like nontoxicity,
biocompatibility, superior surface area, high chemical stability,
good electrochemical activities, enhanced sensitivity, low cost
and so on." Wide bandgap ZnO nanocrystals (E; = 3.37 eV) with
high electron mobility may exhibit excellent efficient electron
transport in the development of electrochemical sensors. In
addition, ZnO nanocrystals have a high isoelectric point (IEP) of
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9.5, which is helpful for the immobilization of low biomaterials
(protein, enzyme) such as ChOx (IEP ~ 5.0) in buffer solutions
via strong electrostatic binding."*

The combination of ZnO nanocrystals with AgNWs helps it to
keep its surface area.”” Furthermore, the composite of ZnO-
noble nanometals enhance the catalytic activity, which is crucial
for the fabrication of biosensors.

Graphene oxide (GO) acts as an advanced transducer to
enhance the sensitivity of cholesterol sensors owing to its
outstanding electronic properties and unique surface suitable
for chemical modification chemistry.”* Chitosan (CS) acts as
a conductive bridge between AgNWs and ZnO to solidly
immobilize AgNWs on the surface of electrodes. The GO-CS
nanocomposite membrane is considered as a good candidate to
strengthen the catalytic activity of AgNWs. This approach is
conducive to realizing better performances for amperometric
cholesterol biosensors.

In this work, ZnO nanocrystals are spin-coated over AgNWs
and a GO-CS membrane. As illustrated in Scheme 1, a highly
sensitive cholesterol biosensor is fabricated by integrating
several high-performance materials.

Experimental
Materials

Ethylene glycol, poly(vinyl pyrrolidone), silver nitrate, zinc
acetate hydrate, graphene oxide, chitosan, dimethyl sulphoxide
(DMSO), tetramethylammonium hydroxide (TMAH), ethyl
acetate, ethanol, 2-ethanolamine, isopropanol, sodium phos-
phate dibasic, sodium phosphate monobasic, potassium hex-
acyanoferrate, potassium ferricyanide, and potassium chloride
were purchased from Sigma-Aldrich. The double distilled water
was used to prepare all experiments. All other chemicals were of
analytical grade and used without further purification.

Preparation of AgNWs

The aspect ratio-controlled AgNWs were synthesized according
to a reported procedure.”” 10 mL of silver nitrate (0.10 g AgNO;
dissolved in 10 mL ethylene glycol (EG)) was added in a stirred
mixture solution of 10 mL of EG and 0.40 g of poly(vinyl pyr-
rolidone) (PVP, K30). 1 mL of an AgNO; solution was treated to
obtain the Ag crystal seeds in the first 3-5 min. Then a succes-
sive 9 mL of an AgNO; solution was added using a syringe. After
the solution turned into a grey emulsion, it was continuously
boiled for half an hour. Finally, the emulsion was cooled down

Cholesterol

AgNWs Zno

Cholest-4-en-3-One

H,0  H,0,

Scheme 1 The schematic diagram of the preparation process of
cholesterol biosensor.
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to room temperature. Almost all AgNWs were deposited at the
bottom of flask after one day.

Preparation of ZnO nanocrystals

Colloidal ZnO nanocrystals were synthesized as we described
previously.*® Briefly, 3 mmol of zinc acetate hydrate (in 30 mL
DMSO solution) was mixed with 5.5 mmol of TMAH (in 10 mL
ethanol solution) and stirred for 2 h at room temperature. The
resulting ZnO nanocrystals were precipitated due to the addi-
tion of ethyl acetate. The redispersion of ZnO nanocrystals was
treated with ethanol. The above purification step was repeated
twice, and then 160 pL of 2-ethanolamine was added to form the
surface ligands of the ZnO nanocrystals. 0.22 um of a PTFE filter
was used to ensure the purity of the ZnO nanocrystals.

Fabrication of the cholesterol biosensor

A sheet of ITO glass was cleaned using an ultrasonic cleaning
machine and dried in a nitrogen gas flow. Firstly, 0.5 mg mL "
GO-CS (5 pL) mixed solution was spread on the ITO-coated
glass substrates and dried at room temperature. Then, the
dried electrodes were immersed in the AgNW solution for
5 min, and dried under nitrogen to form the Ag/GO-CS/ITO
modified electrode. After that, solutions of ZnO nanocrystals
(80 pL) were spin-coated onto the Ag/GO-CS/ITO electrode
surface (3000 rpm, 40 s). As noted, the obtained electrode is
ZnO/Ag/GO-CS/ITO. For the detection of cholesterol, ChOx
was placed on the modified electrode and dried at 4 °C. The
fabrication process of the ChOx/ZnO/Ag-GO-CS/ITO electrode
is shown in Scheme 1.

Apparatus

The morphological characterization of the nanomaterials and
the modified electrode surface was obtained via scanning
electron microscopy (SEM, Hitachi S-4800, Japan) and trans-
mission electron microscopy (TEM, HT7700, Hitachi, Japan).
UV experiments were performed using a PerkinElmer spec-
trometer (Lambda 35 650s, USA). The entire electrochemical
measurements such as cyclic voltammetric (CV), amperometric
and impedance measurements were carried out using an
Autolab302N electrochemical workstation (Metrohm Autolab,
The Netherlands) with a conventional three-electrode system.
The modified ChOx/ZnO/Ag/GO-CS/ITO electrode was used as
the working electrode; a platinum coil and an Ag/AgCl (satu-
rated KCl) electrode were used as counter electrode and the
reference electrode, respectively.

Results and discussion
Materials characterization

Scanning electron microscopy (SEM) and UV-spectrometry are
helpful to identify the micro structure of the AgNWs (Fig. 1a and
b). Fig. 1a shows that the high purity AgNWs are successfully
synthesized with an average diameter of 50 nm, and a long
length (45 + 5 mm). The absence of the 410 nm peak illustrates
a very pure AgNW solution without Ag nanoparticles. And the
typical absorption spectra of the AgNWs are at 350 nm and 390
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Fig.1 The SEM image of the AgNWs (a); UV-vis absorption spectra of
the AgNWs (b); TEM images of the ZnO nanocrystals (c); and ZnO/
AgNWs on the modified ITO electrode (d).

nm (Fig. 1b). The uniform morphology of the ZnO nanocrystals
is examined via TEM (Fig. 1c). It obviously shows the well
dispersed ZnO nanocrystals with an average diameter of 5 nm.
The specific area of ZnO nanocrystals is of great benefit for
electron transport.

The surface morphology of the ZnO/Ag/GO-CS/ITO electrode
is analyzed via SEM. Fig. 1d shows the characterization of the
biosensor fabrication process in the absence of ChOx. When
ZnO nanocrystals were spin coated on top of the AgNWs, the
surface of the AgNWs showed tiny particles, which indicated
that ZnO nanocrystals were successfully adsorbed to the surface
of the AgNWs.

Electrochemical properties

Cyclic voltammetry is a unique technique to investigate the
electrocatalytic behavios of electrode materials. The modified
electrodes are electrochemically characterized in 10 mM PBS
and a 200 mg dL ' cholesterol solution (pH 7.0) via CV, as
shown in Fig. 2. The CV spectra in the present study are
recorded in the range from —0.8 V to 0 V at a scan rate of

50 mV s .

-30

45

Current (pA)

-60

-754
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Fig.2 Cyclic voltammograms of different electrodes: (a) naked ITO in
PBS solution (pH 7.0); (b) ChOx/ZnO/ITO; (c) ChOx/Ag/GO-CS/ITO;
(d) ChOx/ZnO/Ag/GO-CS/ITO in the presence of a 200 mg dL™*
cholesterol solution (pH 7.0) with a scan rate at 50 mV s %,
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Cholesterol is oxidized by ChOx to cholest-4-en-3-one in the
presence of oxygen, while ChOx is changed into its reductant,
ChOx (reduction, Reaction (1)). As a result, H,O, is produced
and then catalyzed by AgNWs (Reaction (2)). As indicated here:

Cholesterol + 0, %%, cholest-4-en-3-one + H,0, (1)

enzyme

H202

O, +2H" +2¢~ (2)

The results obtained are shown in Fig. 2, the corresponding
cyclic voltammetric of the naked ITO electrode in PBS (curve a)
and the ChOx/ZnO/ITO electrode in cholesterol solution (curve
b) do not display obvious redox peaks.

AgNWs are known to catalyze the dissociation of H,O, to
electrons (Reaction (2)). In earlier work, we investigated the
behavior of GO which would improve the performances of
AgNWs.” When AgNWs were coated onto a GO-CS modified ITO
electrode, an enhancement in the peak current can be seen in
curve c. This can be attributed to the presence of AgNWs and
GO-CS promoting the electrocatalytic activity and expanding
the reaction area. Due to the positively charged ZnO nano-
crystals available to promote the electron transfer between the
negatively charged enzyme (AgNWs) and the electrodes, the ZnO
nanocrystal-modified ChOx/ZnO/AgNWs/GO-CS/ITO electrode
(Fig. 2, curve d) shows a cathodic peak centered at a lower
negative potential (—0.47 V) when compared to the ChOx/
AgNWs/GO-CS/ITO electrode in 200 mg dL " cholesterol solu-
tion (Fig. 2, curve ¢).”” Comprehensively, the significant changes
in the performance of current responses owing to ZnO nano-
crystals may act as electron transfer media, which quite effi-
ciently optimized the amperometric response towards
cholesterol. As a result, the ChOx/ZnO/AgNWs/GO-CS/ITO
electrode is found to be electroactive for the catalytic activity of
cholesterol.

As is well known, potassium ferrocyanide/potassium ferri-
cyanide is often used as an electron transfer rate probe for
surface characterization. In this study, the stepwise assembly
process of the electrode is investigated using the [Fe(CN)]* ™~
electrochemical probe and via electrochemical impedance
spectroscopy (EIS). EIS is an effective method for studying the
charge transfer properties of the electrode interface. The
semicircle diameter of the impedance equals the electron
transfer resistance (R.;), which controls the electron transfer
kinetics of the redox probe at the electrode interface. A linear
portion at a lower frequency range shows a controlled diffusion
process. The Randles equivalent circuit is shown in Fig. 3
(inset). It can be used to measure impedance values which
consists of a solution resistance (R;) in series with a charge
transfer resistance (R.) in parallel with a double-layer capaci-
tance (Cq).

Fig. 3 presents the impedance spectrum of each modified
stage. Compared with bare ITO (curve a), when AgNWs are
modified on the electrode (curve b), the Nyquist semicircle
becomes larger due to non-conductive GO-CS as an adhesive
that hinders electron transfer. In the presence of ZnO nano-
crystals, the ZnO/AgNWs/GO-CS/ITO electrode (curve c) exhibits

This journal is © The Royal Society of Chemistry 2016
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Fig. 3 Impedance spectra of the modified electrodes with different

modification steps. Curve a: naked ITO, curve b: Ag/GO-CS/ITO,
curve c: ZnO/Ag/GO-CS/ITO, and curve d: ChOx/ZnO/Ag/GO-CS/
ITO.

a smaller Nyquist semicircle compared to the AgNW layer,
which is attributed to the high conductivity of the ZnO-AgNWs
composites. An amount of ChOx spreads onto the modified
electrode; the Nyquist semicircle became the largest because of
the non-conductive ChOx. The different curves of the imped-
ance spectrum show that the modified materials are success-
fully immobilized onto the electrode. Besides, the low electron
transfer resistance indicates that a diffusion-limited process
occurs between the surface and the solution.

Electrochemical characterization of ChOx/ZnO/Ag/GO-CS/ITO

The electrochemical behavior of ChOx/ZnO/Ag/GO-CS/ITO was
carried out in 5 mM potassium ferricyanide solution (pH 7.0)
(Fig. 4). The ChOx/ZnO/Ag/GO-CS/ITO electrode displays
a steady current response. With increasing scan rate, the redox
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Fig.4 Cyclic voltammograms of the ZnO/Ag/GO/CS/ITO electrode at
25-500 mV s~ !scan rates (curves a—g) in 5 mM potassium ferricyanide
solution (a) and the relationship between the square root of the scan
rate (v''2) and the peak current measured (b).
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peak potential separation increased slowly, which indicated the
limitation arising from charge transfer kinetics. Meanwhile,
with increasing scan rate, the redox peak currents of ChOx/ZnO/
Ag/GO-CS/ITO increased. The electrons migrated from the
redox center of ChOx to the ZnO/Ag/GO-CS modified electrode.
The impact of the proton gradient depends on the electron
transfer between the aforementioned two layers. At high scan
rates, both the anodic and cathodic potentials shifted, which
may be attributed to the result of quantized double layer
charging or due to the remarkable charge efficiency of the ZnO
nanocrystals."®

From Fig. 4, both the anodic and cathodic peak currents of
ChOx/ZnO/Ag/GO-CS/ITO are linearly proportional to the
square root of the scan rate in the range of 25-500 mV s,
indicating that the electron transfer process for ChOx/ZnO/Ag/
GO-CS/ITO was a diffusion confined electrode process. It is in
agreement with Laviron’s theory."” According to Laviron's
equation, I, = nFQv/4RT, where n is the number of electrons, F
is the Faraday constant, Q is the integrated charge of reduction
peak, v is the scan rate, R is the molar gas constant and T is the
thermodynamic temperature. The value of n was calculated to
be 2.0.

The ChOx/ZnO/Ag/GO-CS/ITO biosensor was used to
measure cholesterol at different concentrations, and the
amperometric responses were recorded. In order to increase
the sensitivity, amperometry under stirred conditions were
selected, hence the amperometric experiments have been per-
formed at a constant potential of —0.47 V and under continuous
stirring. The amperometric responses and calibration curves for
the biosensor under the optimized experimental conditions are
shown in Fig. 5. The biosensor exhibited linear ranges for
cholesterol determination ranging from 0.25 mg dL ™" up to 400
mg dL~" (6.5 pM to 10 mM) with excellent regression coeffi-
cients of R = 0.9959. The biosensor exhibited a rapid response
to the changes in cholesterol concentration, and a stable
current was obtained. The detection limit was estimated to be
about 0.287 uM (S/N = 3), and the sensitivity of 9.2 pA uM "
em™>.

The low apparent Michaelis-Menten constant (Ky?) 0.295
uM indicates the high affinity of the ChOx/ZnO/Ag/GO-CS/ITO
electrode to cholesterol. It gives an indication of the enzyme-
substrate kinetics, which can be estimated from the Line-
weaver-Burk equation as follow:*’

UT = Ulpax + KNP/ Tnax[S]

where I is the steady-state current, I, is the maximum current
measured for the enzymatic product when electrode surface is
saturated, and [S] is the concentration of cholesterol.

The fabricated biosensor exhibits higher sensitivity than the
previously reported ChOx based cholesterol biosensors, and
a summary is shown in Table 1.

Selectivity of the cholesterol sensor

Apart from sensitivity, an excellent bio-chemical sensor should
possess a good anti-interference ability. It is well-known that
many biocomponents are present in serum and interfere in the

Anal. Methods, 2016, 8, 1806-1812 | 1809
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Fig. 5 (a) Amperometric response of the cholesterol solution at the
ChOx/ZnO/Ag/GO-CS/ITO modified electrode in phosphate buffer
(pH 7.0) at a —0.47 V constant potential and 1000 rpm rotation speed;
(b) the plot of the catalytic current of the ChOx/ZnO/Ag/GO-CS/ITO
electrode vs. the concentration of cholesterol solution.

detection of cholesterol when using a biosensor. Therefore,
to explore the selectivity of the ChOx/ZnO/Ag/GO-CS/ITO bio-
electrode, some electroactive species such as glucose (Glu),
oxalic acid (OA), citric acid (CA), L-cysteine (L-Cys), ascorbic acid
(AA) and cholesterol (chol) are introduced into the PBS solution
(pH 7.0). The effect of the interferents is investigated through
the current-time responses of the prepared electrode (Fig. 6). At
an applied potential of —0.5 V with a scan rate of 50 mV s,
a significant current increment cannot be observed even when
the amounts of interferent are up to 20 times greater than
cholesterol concentration (200 mg dL™", 5.2 mM). Thus, all of
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Fig. 6 Amperometric response of the interference test for the ChOx/
ZnO/Ag/GO-CS/ITO electrode in phosphate buffer (pH 7.0) at
a potential of —0.50 V with the addition of 0.1 M glucose, OA, CA,
L-Cys and AA.

the above results illustrate that the ChOx/ZnO/Ag/GO-CS/ITO
bio-electrode has a good selective response to cholesterol.

Reproducibility and stability

The reproducibility and stability of the ChOx/ZnO/Ag/GO-CS/
ITO electrode were also investigated. The reproducibility was
tested 8 times in a 200 mg dL ™' cholesterol solution using
the CV technique. The relative standard deviation was 2.7%.
Furthermore, we used eight different modified electrodes to
determine 200 mg dL™" cholesterol which showed a good
reproducibility with a relative standard deviation (RSD)
of 2.3%. The experiment was carried out to evaluate the
reproducibility of the ChOx/ZnO/Ag/GO-CS/ITO electrodes
which has been shown in Fig. 7a. Moreover, the stability of the
ChOx/ZnO/Ag/GO-CS/ITO electrode was explored through
measuring the current response during the reduction of
cholesterol using the modified electrode. The change in the
CV curves of the ChOx-modified ZnO/Ag/GO-CS/ITO electrode
for 30 days is shown in Fig. 7b. It was found that the response
value decreased by about 2.1% in 10 days, and 4.7% in 30
days, which indicated that the modified electrode had good
stability.

Table 1 Comparison of the ChOx/ZnO/Ag/GO-CS/ITO biosensor with other ChOx based biosensors®

Electrode Linear range Sensitivity References
ChOx/(ZnO-Cu0)/ITO/glass 0.12-12.93 mM 680 pA mM ' em™? 18
L-MMT/ITO 1-20 mM 0.518 pA mM ™ * cm~? 21
ITO(PEI/Hb)5(PEI/COX) 0-7.4 mM 93.4 pA pM ' em 2 22
ChOx/nanoZnO-CS/ITO 0.1-7.7 mM 5.45 mA mM ! 23
Si/Ag/ZNT/ChOx/Nafion 1.0 uM to 13.0 mM 79.40 pA mM ! em? 24
NiO/CVD-grown graphene 2-40 pM 40.6 mA pM ' cm 2 25
Laponite/IL/ITO 1-20 mM 8.0 ;pAmM ' em ™2 26
ChOx-ChEt/CS-CdS/ITO 0.64-12.9 mM 0.384 pA mM ' cm~? 27
ChOx/pRGOSHS/ITO 2.6-15.5 mM 11.1 pA mM ' em ™2 28
ChEt-ChOX/MWCNT/SiO,~CS/ITO 0.25-13 mM 0.95 pA mM ' cm ™2 29
ChOx/PAni-Au-CS/ITO 1.3-13 mM 33.26 pAmM ! em? 30
ChOx/ZnO/Ag/GO-CS/TTO 6.5 UM to 10 mM 9.2 pA uM~* em™? This work

“ L: Laponite, MMT: montmorillonite, ZNT: zinc oxide nanotube, CVD: chemical vapor deposition, IL: ionic liquids, ChEt: cholesterol esterase,
PRGOSHS: partially reduced graphene oxide-SiO, particle hybrid system, PAni-Au: polyaniline-gold nanocomposite.
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Fig. 7 The results of (a) reproducibility and (b) stability studies based
on the ChOx/ZnO/Ag/GO-CS/ITO electrode were measured at a 50
mV s~ scan rate in the presence of 200 mg dL™! cholesterol solution.

Table 2 Determination of cholesterol concentration in real samples
(n=23)

Addition Found Recovery RSD
Sample (mg dL ™) (mg dL ™) (%) (%, n = 3)
1 100 98.3 98.3 0.7
2 200 204.6 102.3 1.8
3 300 303.5 101.2 1.4

Real sample test

To test the potential application of the ChOx/ZnO/Ag/GO-CS/
ITO electrode in real samples, recovery experiments were per-
formed via the standard addition method under optimal
conditions. Three different concentrations of cholesterol were
added three times (n = 3) to a 200 mg dL " (5.2 mM) cholesterol
solution. From Table 2, we could see acceptable recoveries and
RSDs, indicating that the sensor could be efficiently used for the
determination of cholesterol.

Conclusions

In this manuscript, we successfully immobilized ChOx on the
surface of a ZnO/Ag/GO-CS functionalized ITO electrode. The
combination of ZnO and AgNWs results in a low potential
amperometric detection of cholesterol and excellent anti-inter-
ference ability of the biosensor. Amperometry techniques were
used to detect the concentration of cholesterol solution on
the ChOx/ZnO/Ag/GO-CS/ITO electrode. Our electrochemical
measurements show that the developed electrode exhibited

This journal is © The Royal Society of Chemistry 2016
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good catalytic performance with a wide linear range, low
detection limit and high stability.
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