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A label-free amperometric immunosensor has been proposed for the detection of myeloperoxidase (MPO) in human
serum. To fabricate such an immunosensor, a composite film consisting of N,N-dimethylformamide (DMF), multiwall carbon nanotubes (MWCNTs) and 1-ethyl-3-methyl imidazolium tetrafluoroborate (EMIMBF4) suspension was
initially formed on a glassy carbon electrode (GCE). Then cerium dioxide (CeO2) dispersed by chitosan was coated
on the GCE. After that, MPO antibodies (anti-MPO) were attached onto the nanoCeO2 surface. With a noncompetitive
immunoassay format, the antibody-antigen complex formed between the immobilized anti-MPO and MPO in sample
solution. The immunosensor was characterized by cyclic voltammetry, transmission electron microscopy (TEM) and
scanning electron microscopy (SEM). The factors influencing the performance of the immunosensor were studied in
detail. Under optimal conditions, the current change before and after the immunoreaction was proportional to MPO
‒1
‒1
concentration in the range of 5 to 300 ng mL with a detection limit of 0.2 ng mL .
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Introduction
Myeloperoxidase (MPO) is an abundant mammalian phagocyte hemoprotein that is in culprit lesions of individuals with
sudden cardiac death, such as those found in human atheroma
thought to be a potential participant in multiple phases of the
atherosclerotic process.1,2 Nowadays it has been discovered that
there was a close relationship between MPO and the unstability
3,4
of atherosclerotic plaque. The rupture of atherosclerotic plaque is the common pathology inducement to the majority of
acute coronary syndrome (ACS).5 In patients with ACS, MPO
serum levels powerfully predict an increased risk for subsequent cardiovascular events and extend the prognostic information gained from traditional biochemical markers.6 It is usually
to detect the concentration of cTnI, Myo and CK-MB in human
serum to distinguish vulnerable atheroma clinically, but they
all obviously changed after the occurrence of myocardial infarction (MI). However, a single initial measurement of plasma myeloperoxidase independently predicts the early risk of
myocardial infarction (MI), as well as the risk of major ad7
verse cardiac events in the ensuing 30-day and 6-month periods.
Therefore, it is very important to detect MPO promptly to avoid
the occurrence of ACS.
Some analytical methods including enzyme-linked immunosorbent assay (ELISA) and radio- immunoassay (RIA) have
been employed to detect MPO. However, these methods have
some drawbacks such as complicated and time-consuming procedures, radiation hazards and requirement for qualified workers and sophisticated instruments. When it comes to electrochemical immunosensors, they have been considered suitable
for MPO detection due to advantages such as simple pretreatment procedure, fast analytical time, highly sensitive current
8-10
measurement, lower price and portability.

In the electrochemical immunoassays, the key point lies in
the fabrication of the immunosensors. Some promising materials have been applied to construct the immunosensors. Nanomaterials such as gold nanoparticles,11,12 platinum nanoparticles,13,14 zinc oxide15,16 and titanium oxide17,18 often used
as a binder to immobilize biomolecules like enzymes or antibodies due to their unique properties such as good biocompatibility, high surface-to-volume ratio, which have attracted
much interest in the construction of immunosensors. Nowadays, cerium dioxide (CeO2) has been reported as a potential
candidate material for the immobilization of the desired biomolecules due to its unique properties of large surface area
and strong adsorption ability.19-22 The high isoelectric point
(IEP~9.2) of CeO2 can be helpful to immobilize desired antibodies of low IEP via electrostatic interactions. Furthermore,
the low price of cerium dioxide is more competitive than gold
nanoparticles.23 Feng et al. have prepared a nanoporous CeO2/
chitosan composite matrix for the immobilization of singlestranded DNA probes for the detection of cancer genes.24 Anees
A et al. have fabricated an amperometric biosensor employing
sol-gel derived nano-structured cerium oxide (NS-CeO2) film
as matrix to immobilize the Cholesterol oxidase.25
Recently, room temperature ionic liquids (RTILs) have been
reported to have promising applications in the fabrication of
the biosensors,26 which have drawn significant interest because
of its unique properties such as negligible vapor pressure, wide
potential windows, high thermal stability and viscosity, good
conductivity and solubility.27 Zhang et al. used 1-butyl-3-methylimidazolium hexafluorophosphate (BMIMPF6) supported
CeO2 nanoshuttles-carbon nanotubes composite as a platform
for impedance DNA hybridization sensing in hope of enhancing the sensitivity of the biosensor.28 Despite some advantages of BMIMPF6, it can’t be well dissolved in DMF. The
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hydrophobicity confined the joint use of BMIMPF6 and some
water-solubility materials. In the present paper, we substituted
BMIMPF6 to EMIMBF4. EMIMBF4 is a kind of hydrophil
RTILs, not only possesses all the merits of RTILs, but also can
be well dissolved in DMF. Furthermore, spherical CeO2 has
larger surface-to-volume ratio and stronger adsorption ability
than CeO2 nanoshuttles, so more anti-MPO can be loaded on
per unit mass of particles. On the other hand, MWCNTs have
received wide attention as an electrode modification material,
which was widely used in electrochemistry and electroanalytical chemistry. The considerable interest is due to the remarkable properties of MWCNTs, including high electrical con29,30
ductivity, chemical stability and electrocatalytic property.
To sum up, considering the advantages of EMIMBF4 and
MWCNTs above, we obtained a suspension by dispersing
MWCNTs in DMF-EMIMBF4, which was used as matrix in
this study.
In addition, chitosan is a kind of attractive natural polymer,
which has been applied to immobilize biomolecules due to its
excellent characteristic properties such as membrane-forming
ability, remarkable adhesion and good biocompatibility. It is
also commonly used to disperse nano-materials for constructing biosensors.31,32 In this work, chitosan was selected to disperse nanoCeO2 and provide a good biocompatible microenvironment for anti-MPO.
In this paper, we proposed an amperometric immunosensor
by immobilizing anti-MPO onto the composite film composed of DMF-MWCNTs-EMIMBF4, chitosan-nanoCeO2, successively coated on a glassy carbon electrode (GCE), which
was used to detect MPO. The experimental results indicated
that EMIMBF4 and MWCNTs could efficiently improve the
electron transfer between the composite film and the electrode. Chitosan-nanoCeO2 film was used as a binder to adsorb
anti-MPO, providing a good microenvironment for the immobilization of more anti-MPO. The preparation and characterization of the immunosensor were investigated. Moreover, the
factors influencing the performance of the obtained immunosensor were also discussed in detail.
Experimental
Chemicals. Room temperature ionic liquid, 1-ethyl-3-methylimidazolium tetrafluoroborate (≧ 99%, EMIMBF4) was purchased from Lanzhou Institute of Chemical Physics, Chinese
Academy of Sciences. (Lanzhou, China). N,N-dimethylformamide (DMF) was purchased from Shanghai Sinopharm
Group Chemical Reagent Co., Ltd. (Shanghai, China). Functionalized MWCNTs was obtained from Shenzhen Nanotech
Port Co., Ltd. (Shenzhen, China). NanoCeO2 (spherical, particle diameter: 20 nm) was obtained from Beijing Nachen S&T
Co. (Beijing, China). MPO, anti-MPO, chitosan (purity≧90%)
and Bovine serum albumin (BSA, 96 - 99%) were obtained from
Sigma (USA). Serum specimens were gifted by the First Affiliated Hospital, Chongqing Medical University. Double distilled
water was used for all experiments. All reagents were of analytical grade unless otherwise stated.
Apparatus. A μAUTOLAB III Electrochemistry Workstation (Eco Chemie, Netherlands) was used for cyclic voltam-
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metric measurements. A three electrode system was consisted
of a modified glassy carbon electrode; (GCE, Φ = 4 mm) as the
working electrode, platinum (Pt) wire as the auxiliary electrode
and Ag/AgCl as the reference electrode. The transmission electron microscopy (TEM) was carried out on a Hitachi-7500
Transmission Electron Microscope (Hitachi, Japan). Scanning electron microscopy (SEM) was carried out using a Hitachi
S-4800 Scanning Electron Microscope (Hitachi, Japan).
Preparation of chitosan-CeO2, DMF-MWCNTs-EMIMBF4
suspension. Chitosan solution (0.5%, w/w) was prepared by
dissolving chitosan powder in acetic acid solution (1.0%, v/v)
with stirring for 1 h at room temperature until completely dispersed. After that, appropriate amount of nano-sized CeO2 was
dispersed in chitosan solution with a mass ratio of 50:1 (chitosan: CeO2), sonicated for about 2 h. Then the chitosan-CeO2
suspension was obtained.
5.0 mg MWCNTs were dispersed in 5.0 mL DMF and sonicated for 2 h. After that, 40.0 μL EMIMBF4 (2.0%, v/v) was
dispersed in the DMF-MWCNTs with the aid of ultrasonication for 30 min. Then the DMF-MWCNTs-EMIMBF4 homogeneous suspension was obtained.
Fabrication of the immunosensor. The glassy carbon electrode was successively polished to a mirror-like surface with
0.3 μm and 0.05 μm alumina. Following that, the electrode was
rinsed by double distilled water. Then, the electrode was sonicated in double distilled water, ethanol and double distilled water
for 5 min, respectively. Then 6.0 μL of the DMF-MWCNTsEMIMBF4 suspension was dropped onto the cleaned GCE to
form a uniform membrane. After the electrode was dried at
room temperature, 5.0 μL chitosan-CeO2 suspension was coated on the electrode. Then, the chitosan-CeO2/DMF-MWCNTsEMIMBF4 homogeneous composite film was obtained and let
it dry at room temperature. After rinsed by double distilled
water, the modified electrode was dipped into the anti-MPO
solution at 4 oC overnight. Finally, the BSA (1%, w/w) solution
was used to block the remaining active groups of the nanoCeO2
for 2 h at room temperature. The finished immunosensor was
stored at 4 oC when not in use. Fabrication procedure of the
immunosensor was illustrated in Scheme 1.
Electrochemical measurement. The electrochemical characterizations and measurements on the modified electrode were
carried out using cyclic voltammetry from ‒0.2 to 0.8 V (versus
‒1
Ag/AgCl) in 5.0 mmol L K3[Fe(CN)6]/K4[Fe(CN)6] with
‒1
0.1 mol L KCl solution (pH 7.0) at 50 mV s‒1. The fabricated
immunosensors were incubated in various concentrations of
o
MPO solution at 37 C for 10 min to obtain a antigen-antibody
complex layer. The amperometric detection of the MPO level
was based on the change of the peak current response before
and after the antigen-antibody reaction. All the measurements

DMF-MWCNTs-EMIMBF4

Chitosan-CeO2

GCE
anti-MPO

BSA

Scheme 1. Fabrication process of the developed immunosensor

Amperometric Immunosensor for Myeloperoxidase
were performed under the optimum conditions.
Results and Discussions
TEM images of carbon nanotubes in different solvents and
SEM images of different modified electrodes. Fig. 1(a) shows
that MWCNTs were dispersed in DMF but the MWCNTs
were a little entangled. As shown in Fig.1(b), when EMIMBF4
was introduced in DMF-MWCNTs suspension, MWCNTs
were uniformly distributed over DMF-EMIMBF4. The entangled nanotube bundles were found to untangle within the suspension to form much finer bundles. This is because the interaction between π electrons of the MWCNTs surface and cations
of the ionic liquid could orient imidazolium ions on MWCNTs
surface and trigger more likely a lot of weak physical network
33
among the MWCNTs bundles. The morphological features
of the different modified electrodes were studied by means of
scanning electron microscopy (SEM). The morphology of the
chitosan-CeO2/DMF-MWCNTs-EMIMBF4/GCE could be observed that GCE surface was mostly covered with homogenous MWCNTs, EMIMBF4 and many spherical CeO2 particles,
confirming the formation of chitosan-CeO2/DMF-MWCNTsEMIMBF4 composite membrane in Fig. 1(c). When anti-MPO
was adsorbed onto the chitosan-CeO2/DMF-MWCNTs-EMIMBF4 film in Fig. 1(d), the surface morphology became smoother, which might be ascribed to anti-MPO filling the interstitial places on the above interface. The result indicated that
an anti-MPO layer was well-linked to the surface of chitosanCeO2/DMF-MWCNTs-EMIMBF4 film.
Electrochemical behavior of the immunosensor. To investigate the effect of different materials on the electrochemical
behavior of the immunosensor, cyclic voltammograms of differently modified electrodes were recorded from ‒0.2 to 0.8 V
‒1
‒1
in 5.0 mmol L K3[Fe(CN)6]/K4[Fe(CN)6] with 0.1 mol L
‒1
KCl solution (pH 7.0) at 50 mV s . A pair of well-defined peaks
(a)
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is shown in Fig. 2(a), which reflects the reversible redox reaction of ferricyanide ions on the bare glassy carbon electrode.
When the DMF-MWCNTs suspension was coated on the electrode surface, a stable and reversible redox peak is shown in
Fig. 2(b), demonstrating the efficient electroactive performance and excellent conductivity of MWCNTs. Then the
redox peak obviously increased (Fig. 2(c)) after MWCNTs
dispersed in DMF-EMIMBF4 was coated onto the electrode
surface. Apparently, the oxidation peak became well-defined
and sharp, with a negative potential shift of 20 mV. The lower overpotential and the increase in current response are clear
evidence of the fact that EMIMBF4 greatly facilitates electron transfer. A further increase of the peak current (Fig. 2(d))
was obtained after Chitosan-CeO2 suspension was coated onto
the composite membrane, resulting from the formation of the
conductive Chitosan-CeO2 film, which indicated that the
Chitosan-CeO2 film enhanced the electrochemical response
of the [Fe(CN)6]4‒/3‒. This was attributed to the excellent electronic conductivity of cerium oxide. After the anti-MPO was
successfully loaded onto the chitosan-CeO2/DMF-MWCNTsEMIMBF4 composite film modified electrode, redox peak
current decreased obviously (Fig. 2(e)), which suggested the
protein anti-MPO severely reduced effective area and active sites
for electron transfer. After BSA was used to block nonspecific
sites, the transmission of ferricyanide to the electrode surface
was hindered and peak current further decreased (Fig. 2(f)).
Effect of the pH, the incubation temperature and the incubation time. The experiment conditions that influenced the performance of the immunosensor including the pH of the supporting electrolyte, the incubation temperature and the incubation
time have been discussed. The acidity of the supporting electrolyte greatly affected the antibody activity, which was investigated in Fig. 3(a). The current change increased with the
increment of pH from 3.5 to 7.0 and then decreased. So we set
the optimum pH at 7.0. The influences of the antigen-antibody
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Figure 1. (a) TEM image of MWCNTs in DMF. (b) TEM image of
MWCNTs in DMF-EMIMBF4 composite suspension. (c) SEM image
of chitosan-CeO2/DMF-MWCNTs-EMIMBF4/GCE. (d) SEM image
of anti-MPO/chitosan-CeO2/DMF-MWCNTs-EMIMBF4/GCE.

Figure 2. Cyclic voltammograms of (a) GCE, (b) DMF-MWCNTs/
GCE, (c) DMF-EMIMBF4- MWCNTs/GCE, (d) chitosan-CeO2/DMFEMIMBF4-MWCNTs/GCE, (e) anti-MPO/chitosan-CeO2/DMF-EMIMBF4-MWCNTs/GCE, (f) BSA-anti-MPO/chitosan-CeO2/DMF-EMI‒1
MBF4-MWCNTs/GCE in 5.0 mmol L K3[Fe(CN)6]/K4[Fe(CN)6] with
‒1
0.1 mol L KCl solution (pH 7.0). Scan rate: 50 mV s‒1.
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Figure 4. Cyclic voltammograms of the fabricated immunosensor in
5.0 mmol L‒1 K3[Fe(CN)6]/K4[Fe(CN)6] with 0.1 mol L‒1 KCl solution
(pH 7.0) at 50 mV s‒1 : (i0) without MPO, (in) with MPO at different
concentration levels (from outter to inner): n = 20, 50, 80, 100 ng mL‒1.
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Figure 5. Calibration curve of the as-prepared immunosensor toward
standard MPO samples.
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Figure 3. (a) Influence of the pH of supporting electrolyte on the im‒1
‒1
munosensor incubated with 100 ng mL MPO in 5.0 mmol L K3[Fe
‒1
‒1
(CN)6]/K4[Fe(CN)6] with 0.1 mol L KCl solution at 50 mV s . (b) Influence of incubation temperature on the immunosensor incubated
‒1
‒1
with 100 ng mL MPO in 5.0 mmol L K3[Fe(CN)6]/K4[Fe(CN)6] with
0.1 mol L‒1 KCl solution (pH 7.0) at 50 mV s‒1. (c) Influence of incuba‒1
tion time on the immunosensor incubated with 100 ng mL MPO in
‒1
‒1
5.0 mmol L K3[Fe(CN)6]/K4[Fe(CN)6] with 0.1 mol L KCl solution
(pH 7.0) at 50 mV s‒1.

incubation temperature on the amperometric responses were
o
also studied. When the temperature achieved to 37 C, we got

the most obvious current change in Fig. 3(b). So the optimal
o
temperature was 37 C. Fig. 3(c) shows the influence of incubation time on the immunoassay. The modified immunosensors
were immersed in 100 ng mL‒1 MPO solution for 2, 4, 6, 8, 10,
15 and 20 min, respectively. The current change increased with
the increment of incubation time from 2 to 10 min. The optimal current response was achieved when the incubation time
was 10 min. Thus, 10 min was adopted as the optimal incubation time for subsequent study.
Response mechanism and calibration curve of the developed immunosensor. When the immunosensor was incubated in
the MPO solution for 10 min, a dramatically decrease in current was observed (Fig. 4). This was attributed to the formation of anti-MPO/MPO immunocomplex, which acted as the
inert electron and mass transfer blocking layer and hindered
the diffusion of ferricyanide toward the electrode surface. The
detection principle was based on the change of oxidation peak
current response (Δipa) before and after the antibody-antigen
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Figure 6. Scatterplot of correlation analysis about the developed immunosensor and standard ELISA method.
Table 1. Specificity of the immunosensor
samples

current (μA)

(ib-ia)/ia (100%)

MPO
MPO(CRP)
MPO(cTnI)
MPO(Myo)
MPO(CK-MB)

116
112
113
121
118

‒3.4%
‒2.6%
4.1%
1.7%

‒1
ia: Amperometric response to the standard 100 ng mL MPO solution.
‒1
ib: Amperometric response to the solutions composed of 100 ng mL
‒1
MPO and 1 mmol L interfering chemicals respectively.

reaction, which was evaluated as the following equation: Δipa
= i0 - in, where i0 is the response current before the immunoreaction and in is the response current after the immunoreaction (n =
‒1
20, 50, 80, 100 ng mL ). When the concentration of MPO increased, the amount of immunocomplex also increased. Thus,
the observed current signal decreased with increasing concentration of MPO. This resulted in an increase in the change of oxidation peak current response (Δipa).
As shown in Fig. 5, the current change before and after the
immunoreaction was proportional to the concentration of MPO
in the linear range of 5 to 300 ng mL‒1 and the linear regression equation is Δipa(μA) = 1.44933 + 0.04587C (ng mL‒1)
‒1
with a detection limit of 0.2 ng mL at a signal to noise ratio
of 3δ (where δ is the standard deviation of a blank solution,
n = 10, r = 0.99466). When the MPO concentration is higher
‒1
than 300 ng mL , an appropriate dilution of the sample is
necessary in the preincubation step.
Reproducibility, selectivity and stability. Reproducibility,
selectivity and stabiity are important characteristics of an immunosensor. The reproducibility of the immunosensor was
evaluated by intra- and inter-assay coefficients of variation
(CVs). The intra-assay precision of the analytical method was
evaluated by analyzing 3 concentration levels (high, middle
and low) 6 times per run. The CVs of intra-assay with this
‒1
method was 3.3%, 4.1% and 3.8% at 200, 80 and 10 ng mL
of MPO solution, respectively. Similarly, the inter-assay CV
on five immunosensors used independently was 3.8, 5.1 and

4.3% for 200, 80 and 10 ng mL of MPO solution, respectively. To examine the specificity of the immunosensors, the
immunosensors were immersed into 100 ng mL‒1 MPO solu‒1
tion in the presence of 1.0 mmol L CRP, cTnI, Myo and CKMB, respectively. The results, shown in Table 1, suggested that
these chemicals with concentrations below those of normal
human serum samples did not interfere with MPO detection.
The stability of the immunosensor was also investigated. When
the immunosensor was stored in the refrigerator at 4 oC after
20 days, it retained 90% of its initial response.
Regeneration. In our experiment, immunosensors were regenerated by immersing into 8 mol L‒1 urea solution after each
assay was completed, then washed with water to dissociate
the antigen-antibody complex. The immunosensor kept 92%
of the original current after regenerated six times and the relative standard deviation (RSD) was 3.1%.
Preliminary application of the immunosensor. To investigate the possibility of the immunosensor used for practical analysis, 20 serum samples were examined by the developed immunosensor and the standard ELISA method. As shown in
Fig. 6, the regression equation is as follows: y = 4.72462 +
0.92866x, (r = 0.978) (x-axis, concentration of immunosensor; y-axis, concentration of ELISA), which indicates that the
developed immunosensor are feasible to detect MPO in human
serum for clinical diagnosis.
Conclusion
In this present work, we fabricate an amperometric immunosensor for the detection of MPO based on the immobilization
of anti-MPO on a glassy carbon electrode modified by DMFMWCNTs-EMIMBF4/chitosan-CeO2 composite membrane,
which greatly improves the electrochemical behavior and enhances the sensitivity of the immunosensor. This method has
several advantages such as high sensitivity, a wide linear detection range for the detection of MPO and no need for multiple
labeling procedure. Importantly, because this approach does
not require sophisticated fabrication procedure, it is well suited
for point-of-care testing and self-monitoring in both clinical
and scientific research areas.
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