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ABSTRACT

A simple, sensitive and label-free aptamer-based biosensor for the detection of human immunoglobulin
E (IgE) is developed using the electrochemical transduction method. A special immobilization interface
consisting of multiwalled carbon nanotubes/ionic liquid/chitosan nanocomposite (MWCNTSs/IL/Chit) is
utilized to improve the conductivity and performance characteristics of the biosensor as well as to
increase the loading amount of aptamer DNA sequence. A 5’-amino-terminated aptamer is covalently
attached onto MWCNTSs/IL/Chit modified glassy carbon (GC) electrode via a linker of glutaraldehyde
(GA). Methylene blue (MB) is used as an electrochemical indicator which is intercalated into the
aptamer through the specific interaction with its guanine bases. In the absence of IgE, MB bound to the
aptamer produces a strong differential pulse voltammetric (DPV) signal. But when IgE exists, the
intercalated MB releases from the aptamer, resulting an obviously decreased DPV signal. This
phenomenon can be applied for human IgE detection. The peak current of MB linearly decreases with
the concentration of IgE over a range of 0.5-30 nM with a detection limit of 37 pM. By using Bovine
serum albumin (BSA) and lysozyme, the excellent specificity of this sensing system for the detection of
IgE is also demonstrated. Finally, the proposed aptasensor is successfully used to IgE analysis in human
serum sample. The obtained result is well agreed with the value obtained by the standard ELISA
method. The herein described approach is expected to promote the exploitation of aptamer-based

biosensors for protein assays in biochemical and biomedical studies.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Since the pioneering studies on aptamers (Ellington and
Szostak, 1990; Tuerk and Gold, 1990), substantial research efforts
have been directed in order to apply the aptamers as the active
sensing materials in different detection schemes (Zayats et al.,
2006), led to the development of various electrical (Radi et al.,
2005; Xu et al., 2005; Wu et al., 2009), microgravimetric (Pavliov
et al., 2004; Yao et al., 2009) and optical aptasensors (Nutiu and
Li, 2003; Ho and Leclerc, 2004; Gokulrangan et al, 2005).
Aptamers are artificial nucleic acid ligands showing specific
binding affinity for amino acids, drugs, proteins and other small
molecules, which can be screened through the systematic evolu-
tion of ligands by exponential enrichment (SELEX) process from
random RNA or DNA libraries (Tuerk and Gold, 1990; Ellington
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and Szostak, 1990). Compared with antibodies, aptamers possess
some outstanding features, including high specificity of binding
affinity, nice stabilization, easy synthesis and modification with
electrochemical active markers, optical dyes, enzymes and other
desired substances. Furthermore, aptamers can reversibly capture
and release their target molecule. It is more facile for the aptamer
to transduce the recognition events into detectable signals (Kang
et al., 2008).

Among the various sensing devices developed so far, the
detection methods of label-free, aptamer-based electrochemical
biosensors have received an increasing amount of attention due to
their inherent advantages such as simplicity, high sensitivity, low
cost and high stability (Cheng et al., 2007; Feng et al., 2008; Wang
et al, 2009a; Yan et al., 2011). Many of these electrochemical
methods are based on electrochemical redox indicators that bind
to the nucleic acids via electrostatic interactions or intercalation.
Methylene blue (MB) is a widely-used redox indicator that belongs
to phenothiazine family and is an aromatic cationic dye showing
optically and electrochemically active properties. It has been
proved that MB could intercalate the nucleic acid duplexes
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(Kerman et al., 2002) and also bind to guanine bases specifically
(Kara et al.,, 2002). This feature has been extensively used to
develop DNA-based biosensors (Du et al., 2009; Liu et al., 2011).

Concerning the construction of an electrochemical biosensor,
modifying the electrode surface with nanomaterials to exploit
their superior properties seems to be more promising and
provides more efficient electron transfer between the matrix
electrode and biomolecules (Gooding et al., 2003). Among differ-
ent nanomaterials, carbon nanotubes (CNTs) are considered as an
important group of nanostructures with attractive electronic,
chemical and mechanical properties (Rao et al., 2001; Baughman
et al., 2002). The compatibility and electrochemical applications
of CNTs to immobilize a variety of species on their external and
internal surfaces have been reported (Chen et al.,, 2001; Salimi
et al., 2006, 2007; Teymourian et al., 2012a, 2012b). However, it is
noted that CNTs, which have a high specific surface area, tend
to form irreversible agglomerates through strong m-m stacking
and the van der Waals interaction (Li et al., 2008). Hence, the
prevention of aggregation is a key challenge in the synthesis and
processing of bulk quantity of CNTs. Ionic liquids (ILs) can meet
this challenge well. CNTs can be well dispersed in ILs due to
cation-7 interactions and a CNTs/ILs paste can easily be prepared
using ILs as the binder, where the CNTs greatly enhances
the conductivity of the system (Fukushima et al., 2003; Wang
et al., 2007). Through combining the benefits of ILs and CNTs for
electrochemical sensing applications, a remarkable synergistic
augmentation of electrochemical performance can be achieved
increasing the potential application of CNTs/ILs in fabrication
of electrochemical sensors and biosensors (Salimi et al., 2010;
Teymourian et al., 2012a).

Immunoglobulin E (IgE) was selected in this work as the model
target protein. IgE is an antibody subclass, found only in mam-
mals (Sutton and Gould, 1993). IgE is also capable of triggering
the most powerful immune reactions and its rapid detection is of
great interest in dealing with patients afflicted with allergy-
mediated disorders (Maehashi et al, 2007). Although some
aptamer-based assays have been reported for the IgE detection
utilizing distinct signal transduction mechanisms including SPR
(Wang et al., 2008; Kim et al., 2009), luminescence (Jiang et al.,
2004), fluorescence polarization (Gokulrangan et al., 2005), elec-
trochemical impedance spectroscopy (Xu et al, 2005), FET
(Maehashi et al., 2007), quartz crystal microbalance (Yao et al.,
2009) and voltammetric-based aptasensors (Papamichael et al.,
2007;.Wu et al., 2009), there is no demonstration of an analytical
paradigm in this respect. Most of these methods suffer from some
disadvantages, such as lack of sensitivity, high cost instrumenta-
tion, complex strategies (for example; various sandwich assays or
prelabeling the aptamer) and utilizing a difficult aptamer probe
immobilization protocol. Hence, the development of a simple and
label-free electrochemical IgE aptasensor is highly demanded.

To circumvent the aforementioned problems, in the present
contribution we brought in MWCNTs/IL nanocomposite and
chitosan as immobilization interface together with aptamer probe
as recognizing element and MB as electrochemical indicator.
Chitosan (Chit) is a polysaccharide biopolymer which displays
excellent film-forming ability, high water permeability, good
adhesion, and susceptibility to chemical modifications due to
the presence of reactive amino and hydroxyl functional groups
(Zhang et al., 2004; Yi et al., 2005). The aptasensor is obtained by
covalent immobilization of an amino-aptamer specific to IgE onto
MWCNTSs/IL/Chit nanocomposite modified GC electrode using
glutaraldehyde (GA) as linking agent, followed by an equilibrated
interaction with MB. In the presence of IgE, the interaction
between aptamer and IgE displaces the MB from the electrode
surface, rendering a lowered electrochemical signal attributed to
decreased amount of adsorbed MB.

Although the basic concept of electrochemical biosensors
based on aptamers and MB is not new, to the best of our
knowledge, this concept has not applied for IgE detection thus
far. In addition, the MWCNTSs/IL/Chit nanocomposite used here
can be considered as a novel substrate in designing aptasensors
acting both as a platform to successful covalent immobilization of
DNA aptamer with substantial loading ability and a promising
tranducer with high surface to volume ratio and good electrical
conductivity with the result of greatly improving sensor perfor-
mance. The proposed aptasensor might seems complicated at first
glance, but in comparison to most reported aptasensors, we
believe that it could be considered as a simple system. It does
not need any prelabeling step. In addition, the MWCNTSs/IL/Chit
nanocomposite is prepared through a simple and rapid one-step
mixing procedure without need to any complicated and costly
synthetic strategies. MB which acts as an electrochemical marker
can be easily intercalated into the aptamer and the electroche-
mical signal arises from its reduction is very stable. The difficult
aptamer based assays such as sandwich formats are avoided.
Using this simple approach, it is possible to detect IgE low to
picomolar concentrations.

2. Experimental
2.1. Chemicals and reagents

DNA aptamer (D17.4ext) with 5-amino modification was
custom-synthesized by Bioneer Co. (South Korea) and its base
sequence is as follows (Maehashi et al., 2007):

D17.4ext: 5'-NH,-GCG CGG GGC ACG TTT ATC CGT
CCC TCC TAG TGG CGT GCC CCG CGC-3/

IgE purified from human myeloma (Abcam, US) was diluted
from a 20 g1~ stock solution in PBS (0.05 M, pH 7.4) and stored
at —20 °C until use. Bovine serum albumin (BSA) and Lysozime
were obtained from Sigma and dissolved in PBS (0.05 M, pH 7.4).
MWCNTs with purity of 95%, surface specific area of 480 m? g~ !,
diameter of 20-30nm and 1 um length were obtained from
Nanolab (Brighton, MA). N-Butyl-N-methyl pyrolydinium bis
(trifluoromethylsulfonyl) imide [Cympyr][NTf;] (IL) was pur-
chased from Sigma. Human serum sample for real sample analysis
was supplied by a clinical diagnostic laboratory. MB, GA,
K3Fe(CN)s and K4Fe(CN)g and all other reagents (from Merck or
Fluka) were used as supplied (analytical or HPLC grade) without
further purification. Phosphate buffer solutions (PBS) were pre-
pared with NaH,PO, and Na,HPO, and used as supporting
electrolyte throughout electrochemical studies. pH adjustment
was performed with NaOH or HCI.

2.2. Apparatus

Surface morphology was examined using Vega-Tescan electron
microscope. Cyclic voltammetry (CV), differential pulse voltam-
metry (DPV) and electrochemical impedance measurements (EIS)
were performed on an AUTOLAB modular electrochemical system
(ECO Chemie, Ultrecht, The Netherlands) equipped with a PGSTAT
101 module and driven by GPES and FRA softwares (ECO Chemie)
in conjunction with a conventional three-electrode system and a
personal computer for data storage and processing. A modified GC
electrode employed as the working electrode and a platinum
wire as the counter electrode. All potentials were referred to an
Ag/AgCI/KCl (3 M) electrode. The impedance analysis was per-
formed in the frequency range from 0.1 Hz to 100 kHz, using a
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modulation voltage of 5mV in 0.1 M KCI solution containing
5 mM Ks[Fe(CN)g]/K4[Fe(CN)g] (1:1) mixture as redox probe in.
The Zview modeling program (version 2.3f) was used to fit the
faradaic impedance spectra. Prior to performing experiments, the
electrolyte solution was purged with N, for at least 10 min to
remove dissolved O, and kept under N, atmosphere during
measurements. All electrochemical measurements were per-
formed at room temperature.

2.3. Preparation of the MWCNTSs/IL/Chit/GC electrode

Prior to coating, GC electrode was subsequently polished with
3 and 0.95 pm alumina powders on polishing cloth and sonicated
successively in ethanol and water in order to remove adsorbed
particles. The nanocomposite was prepared by direct mixing of
0.25 mg chitosan, 3 mg MWCNTs and 10 pL IL, followed by
grounding in an agate mortar until a homogeneous paste
obtained. The MWCNTSs/IL/Chit modified GC electrode was fabri-
cated by rubbing some of this paste on the electrode surface to
form a homogeneous layer. The effective surface area (A) for GC
and MWCNTSs/IL/Chit/GC electrodes was determined from cyclic
voltammograms of 5mM Ks[Fe(CN)s] in 0.1 M KCl solution.
According to Eq. (1) (Bard and Faulkner 2001):

ip= (2.69 x 105)n3/2Ac D'/2y1/2 1)

where i, is the peak current, n is the number of electrons in the
reaction, A is the electrode area, D is the diffusion coefficient of
the oxidized form, hexacyanoferrate (III), C is the bulk concentra-
tion of the oxidized form and v is the scan rate. From the slope of
the i, vs. v!/? line, the values of A were determined as 0.0314 cm?
and 0.15 cm? for GC and MWCNTSs/IL/Chit/GC, respectively. There-
fore, after GC electrode was modified with MWCNTs/IL/Chit
nanocomposite film, the electroactive surface area greatly
increased, indicating that the introduction of the nanocomposite
provides more conduction pathways for the electron-transfer of
Fe(CN)—/4-.

2.4. Fabrication of the sensing interface

The MWCNTSs/IL/Chit/GC electrode was immersed in a 2.5% GA
in PBS for 1 h. After rinsing, the IgE-specific 5’-amino-modified
aptamer solution in 0.05M PBS (10 pl, 10 uM) was added and
incubated on the electrode surface for 12 h at room temperature.
Then, the aptamer modified electrode was rinsed thoroughly with
PBS in order to remove any unbounded aptamers followed by
placing a 10 pl aliquot of 0.1 M PBS (pH 7.4) containing 1% BSA for
30 min on the electrode surface to reduce non-specific binding.

Chitosan (Chit) Wriblini
Glutaraldehyde (GA) s~ ~_=

o

Aptamer

Methylene Blue (MB)

IL/Chlt/MWCNT c’

Yy % 8y
ff’.-'f

{
_ v

T
[(uA)
|

IIAptamers Ii! |
el

After that, the electrode was placed in a 20 puM MB stirring
solution (0.1 M PBS, pH 7.4) for 10 min to accumulate MB. After-
wards, the fabricated electrode (hereafter denoted as MB/Apt/
MW(CNTSs/IL/Chit/GC) was successively rinsed with water and PBS
and finally, it was immersed into IgE solution with different
concentrations for 40 min. The schematic representation of the
fabrication of IgE apatasensor is shown in Scheme 1. The electro-
chemical signals were obtained in PBS by using DPV with
amplitude of 25 mV and pulse width of 0.05 s.

3. Results and discussion

3.1. Principle of IgE detection using MB/Apt/MWCNTSs/IL/Chit/GC
electrode

Scheme 1 presents the detailed detection process of the electro-
chemical aptasensor for human IgE. The GC electrode surface is
first modified by a homogeneous film of MWCNTSs/IL/Chit nano-
composite. This leads to increase the effective surface area of
electrode and provides an enhanced loading surface for the
subsequent immobilization of aptamer. The 5’-amino-modified
aptamer is covalently attached to the amine groups of chitosan
via the aid of GA acting as linking agent. Taking advantage of the
well-established intercalation properties of MB with DNA (Tuite
and Norden, 1994; Erdem et al., 2000) as well as due to its low
cost and good redox characteristics, it was used as electrochemi-
cal indicator in our proposed system. It was realized that inter-
calation of MB into DNA was mediated by the interaction with
two guanine bases, suggesting that minimum two base pairs of
G-C coupling in the stem structure of the beacon aptamer may
lead to its intercalation (Friedman and Brown, 1978; Fusimoto
et al., 1994; Tuite and Kelley, 1995; Bang et al., 2005). Here,
the intercalation of MB into the aptamer could produce a
well-defined DPV signal depicted as “a” in Scheme 1. When IgE
as target is introduced, the aptamer selectively binds with it
during which the MB releases from the electrode surface and
thus, a decrease in peak current of MB is observed (depicted as
“b” in Scheme 1).

3.2. Characterization and optimization of sensing interface

The morphology of the MWCNTSs/IL/Chit nanocomposite was
investigated by the SEM technique and the result was presented
in Fig. S1 (see Supplementary Material). As can be observed, the
prepared nanocomposite shows a unique structure and forms a
relatively homogeneous film. It may be suggested that MWCNTSs
and Chit have been uniformly integrated with Chit.
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Scheme 1. Schematic outline of the principle for label-free electrochemical IgE biosensing.
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In order to prove the superior performance of the MWCNTSs/IL/
Chit nanocomposite, CV of [Fe(CN)s]> /4~ as a marker was
studied at different electrodes of GC, MWCNTs/GC, MWCNTSs/IL/
GC and MWCNTSs/IL/Chit/GC (Fig. S2). Well-defined redox char-
acteristics of [Fe(CN)g]>~/4~ were observed for all of these
electrodes but with variations in the current response and values
of peak-to-peak separations (AE,). CV of [Fe(CN)s]* /4~ redox
probe at GC exhibits peaks with AE, as ~0.22V. A marked
increase in current as well as a decrease in AE, (~0.09 V) was
noticed at MWCNTSs/GC electrode as compared to GC, which can
be ascribed to the large electron transfer capability and high
specific surface area of MWCNTs. MWCNTSs/IL/GC exhibited an
increased AE, (0.14V) as compared to MWCNTs/GC electrode.
The anodic peak current of [Fe(CN)g]®> /4~ is higher at MWCNTs/
IL/GC than at MWCNTSs/GC electrode. Interestingly, when Chit was
added to the MWCNTSs/IL, although the AE, value increased and
reached to 0.16 V from 0.14V (MWCNTSs/IL/GC), the current
response of the electrode increased substantially, indicating that
the introduction of this nanocomposite provides more conduction
pathways for electron transfer of [Fe(CN)s]®> /4~ compared to
other electrodes. In fact, in spite of our expectation that existence
of Chit may lead to decrease the electroactivity of electrode due to
its insulating nature, however, in the present study, it was found
through CV results that the IL/Chit layer could retain electron
transfer path. The larger surface area and more facilitated disper-
sion of MWCNTs in the MWCNTSs/IL/Chit nanocomposite may be
the reasons for the observed behavior.

CV was further applied to follow the barrier changes of the
electrode surface before and after each assembly step. To being
able to better compare the changes in electroactivity of the
electrode, CVs of [Fe(CN)g]®> /4~ at GC and MWCNTSs/IL/Chit/GC
have been shown. A couple of well-defined redox peaks could be
observed at the bare GC which after the electrode modification
with MWCNTs/IL/Chit nanocomposite, the current response
increased obviously. The current response at the Apt/MWCNTs/
IL/Chit/GC decreased dramatically as compared with that at the
MW(CNTSs/IL/Chit/GC and AE, became 0.18 V. This implies that
most of the electrode surface is covered by aptamer, with the
result of blocking the electron-transfer efficiency of [Fe(CN)g]*~/>~
at solid/liquid interface due to this fact that the electrostatic
repulsion between anionic [Fe(CN)g]®> /4~ and the surface bound
aptamer DNA sequences with negative charges retards the inter-
facial electron-transfer kinetics. This observation demonstrates
that the covalent immobilization of aptamer has been achieved
successfully. The incubation with 5nM human IgE for 40 min
gave rise to further decrease in peak current as well as an increase
in AE, to 0.26 V. It means that human IgE is adsorbed onto the
electrode surface with the result of substantially hindering the
electron transfer between the electrode surface and redox couples
in solution due to the opening of the stem part of aptamer and the
formation of IgE/aptamer complex.

In order to further confirm that the sensing interface is
constructed successfully, we utilized EIS to monitor the impe-
dance change of electrode after each of modification steps is
applied. The impedance spectra include a semicircle portion at
higher frequencies relating to the electron transfer-limited pro-
cess and a linear part at lower frequencies corresponding to
diffusion. The increase in the diameter of the semicircle reflects
the increase in the interfacial electron transfer resistance. Fig. 1B
displays the Nyquist plots obtained with the GC, MWCNTSs/IL/
Chit/GC and Apt/MWCNTSs/IL/Chit/GC electrode before and after
incubated with different concentrations of IgE (5, 10, 15, 20 and
25nM) in 0.1 M KCl solution containing 5 mM Fe(CN)2~/4~. The
impedance spectra were fitted to a modified randle’s equivalent
circuit, as shown in the inset (A) of Fig. 1B, where R, represents
the electrolyte resistance, C4 is the double-layer capacitance,

R is the charge-transfer resistance and Z, is the Warburg
impedance (Huang et al.,, 2002; Yan et al.,, 2008). The higher
frequency range portion of the spectra was shown in the inset
(B) of Fig. 1B. The line passing through the data points represents
the fits using the equivalent circuit. Its superposition on the data
points indicated a good match of the model with the measured
data. Table 1A shows the values of the equivalent circuit elements
obtained by the experimental data fitting as well as the corre-
spondent relative standard deviations (RSD) in determining each
of different elements. From the RSD values in Table 1A given in
parentheses for each element, it can be concluded that the
proposed system possess a satisfactory level of reproducibility
during independent measurements. The change in the values of
R for different modified electrodes was chosen to study the
surface properties during fabrication process of aptamer-based
biosensor. As shown, significant differences in the charge transfer
resistance (R.) were observed upon the stepwise formation of the
modified electrode. At first, it can be seen that for MWCNTSs/IL/
Chit/GC electrode, the value of R.; decreases compared to the bare
GC electrode due to the higher electron transfer ability and
electronic conductivity of the MWCNTSs present in the nanocom-
posite. With the immobilization of aptamer probe onto the
MW(CNTs/IL/Chit nanocomposite modified electrode in the next
step, R increases to 375.9 Q that could be attributed to the
repulsion between negative charges of aptamer phosphate groups
and Fe(CN)&~/3~ molecule. Incubation of the electrode with 5 nM
IgE led to increasing the R value up to 568.2 Q. With increasing
the IgE concentrations (10, 15, 20 and 25 nM), the relevant
increase in R value became larger and reached to 685.5, 873.2,
998.3 and 1446 Q, respectively, suggesting that IgE/aptamer
interaction well achieved at the electrode surface. As shown in
the inset (C) of the Fig. 1B which shows evolution of R, as a
function of IgE concentration, the R value linearly increased with
increasing IgE concentration. This clearly indicates that the
proposed aptasensor can also be used as an efficient impedimetric
biosensor for IgE detection. The herein obtained impedance data
corroborate the preceding results obtained by CV, all demonstrate
that the sensing interface is constructed successfully.

To investigate the kinetic parameters of the modified elec-
trode, CVs of MB/Apt/MWCNTSs/IL/Chit/GC electrode at different
scan rates were recorded and the results were shown in Fig. 2.
As illustrated, a well-defined redox couple with E“=-0.2V
(vs. Ag/AgCl) was observed corresponding to intercalated MB.
The peak currents of the redox system were directly proportional
to the scan rate for sweep rates below 1.0 Vs~ ! (inset A of Fig. 2)
as expected for a redox surface controlled process. The peak-to-
peak potential separation was about 80 mV for sweep rates below
100 mV s~ !, reflecting facile charge transfer kinetics over this
range of sweep rate. At higher sweep rates (v > 1000 mVs~1),
peak separations began to increase (inset B of Fig. 2), indicating
limitation due to the charge transfer kinetics. Based on the
Laviron theory (Laviron, 1979), the heterogeneous electron trans-
fer rate constant (ks) and charge transfer coefficient («) can be
determined by measuring the variation of peak potential with
scan rate. The values of peak potentials were proportional to
log(v) for scan rates higher than 2.0V s~'. Using the equation
E,=K-2303 (RT/anF) logv, where K=E”—-2.303 (RT/onF)
log(RTky/nF), charge transfer coefficient (o) for proposed redox
couple was calculated. Through introducing this value in the
following Eq. (2), an apparent surface electron transfer rate
constant (ks) was estimated:

logks = alog(1—a)+ (1—a)log a—log (RT /nFv)
—o(1—a)nFAE/2.303RT 2)

The values of k; and o were obtained as 6.3s~! and 0.56,
respectively. The value of ks implies high ability of MWCNTSs/IL/Chit
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Fig. 1. (A) CVs and (B) Nyquist curves of 5.0 mM [Fe(CN)g]> /4~ in 0.1 M KCl recorded at bare GC, MWCNTSs/IL/Chit/GC, Apt/MWCNTSs/IL/Chit/GC and Apt/MWCNTSs/IL/Chit/
GC after incubated with 5, 10, 15, 20 and 25 nM IgE (scan rate in A is 0.1 Vs~ !; frequency range in B is 0.1-10 kHz). Insets of Fig. 1B are as follows: (A) the equivalent
circuit used to fit the experimental impedance data; (B) higher frequency range portion of the Nyquist curves for different electrodes; and (C) the corresponding calibration
plot for variation of R vs. IgE concentration.

Table 1A
Values of equivalent circuit elements (Rs, Cq; and R.) obtained for fitting of the experimental data for different electrodes; the
figures in parentheses refer to the RSD for each value (n=3).

R (Q) Ca (nF) Rt (Q)

Il 660.4(3.36) 1.867(3.43) 282.2(1.83)
GC/MWNT/IL/Chit 127.0(5.94) 149.240(6.26) -
GC/MWNT/IL/Chit/Apt 167.0(5.41) 4.460(4.28) 375.9(4.87)
GC/MWNTIIL/Chit/Apt/ IgE (5 nM) 157.1(5.20) 2.234(5.09) 568.2(4.28)
GC/MWNT/IL/Chit/Apt/IgE(10 nM) 182.6(5.89) 2.156(4.14) 685.5(4.85)
GC/MWNT/IL/Chit/Apt/IgE(15 nM) 161.0(4.60) 2.358(3.61) 873.2(4.92)
GC/MWNT/IL/Chit/Apt/IgE(20 nM) 159.2(5.07) 2.056(4.15) 998.3(2.74)
GC/MWNT/IL/Chit/Apt/IgE(25 nM) 158.3(4.76) 2.363(5.87) 1446.0(2.02)

nanocomposite for promoting electron transfer between redox
couple and electrode surface. The large number of structural
defects on the MWCNTs surface as well as its special nano-
structure may act as molecular wires, enhance the direct elec-
tron transfer redox systems at MWCNTs/IL/Chit nanocomposite
interface.

In addition, stability investigation of the redox system resulted
from MB revealed that its voltammetric behavior is very stable
and only 3% reduction in peak current was observed after 100
repetitive cycles (Fig. S3). Additionally, the storage stability of the
modified electrode was very good as the electrode was found to
have reserved (95%) its initial activity for more than 2 weeks
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Fig. 2. CV responses of MB/Apt/MWCNTSs/IL/Chit/GC electrode in PBS (0.1 M, pH 7.4) at scan rates (from inner to outer) 10, 20, 30, 40, 50, 60, 70, 80, 90, and 100 m Vs~ 1.
Inset A is the plot of peak current vs. scan rate and Inset B is the variation of peak potential separation vs. log of scan rate.

when kept at 4 °C. This high stability may be ascribed to the
chemical and mechanical stability of MWCNTSs/IL/Chit nanocom-
posite as well as its compatibility with the aptamer covalently
attached on its surface which indicates the promising properties
of MWCNTSs/IL/Chit as a useful platform for immobilization of
aptamer sequences.

The sensor response is a strong function of probe density. The
effect of aptamer concentration on the current signal of the sensor
was explored and the results were presented in Fig. S4. From this
figure, it is indicative that the sensor sensitivity is clearly
dependent on the aptamer concentration: as the concentration
of aptamer probe increases, the sensor signal increases to a
maximum and then decreases substantially. The poorer signaling
of the sensor at higher concentrations of aptamer may be due to
the inactivation of some aptamers, reducing the response as fewer
of the probes undergo binding with target proteins. This inactiva-
tion could result from steric/conformational restrictions and
unfavorable interactions between neighboring aptamers such as
cross hybridization that is a potential result of the self-
complimentary nature of the individual aptamer sequences.
Therefore, 10 pM was selected as optimized aptamer concentra-
tion and used in throughout experiments.

The incubation time for the interaction of IgE and the surface-
bound aptamer probe was studied as another factor affecting the
analytical performance of the present biosensor (Fig. S5). The
obtained results indicate that the current response increases
rapidly with the increment of incubation time up to 40 min and
then reaches a plateau, indicating the interaction reached to
steady state. Therefore, 40 min incubation time was chosen for
binding of IgE protein to the aptamer modified electrode in
throughout experiments.

3.3. Analytical characteristics of the IgE aptasensor
To ensure the present assay platform can be used for sensitive

quantification of target protein, the current responses induced by
IgE at different concentrations are evaluated. Fig. 3 shows the
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Fig. 3. DPVs of MB/Apt/MWCNTs/IL/Chit/GC electrode after incubation for 40 min
with different IgE concentrations of (from outer to inner) 0, 5, 10, 15, 20, 25 and
30 nM in PBS (0.1 M, pH 7.4). Inset A shows DPVs of MB/Apt/MWCNTSs/IL/Chit/GC
electrode for lower concentrations of IgE: (from outer to inner) 0.0, 0.5, 1.0, 1.5, 2.0
and 2.5 nM. Inset B is the plot of current response vs. IgE concentration (the
measurements were carried out in triplicate).

electrochemical response to different concentrations of IgE. As is
obvious from the figure, the peak current signals decrease with
the increase of IgE concentration. Through analyzing the change
between current of MB reduction peak and the concentrations
of IgE, a linear relation between the current response and the IgE
concentration was observed in two concentration ranges. For lower
concentration range that is from 0.5 to 2.5 nM (inset A of Fig. 3), the
following equation between current response and the IgE concen-
tration was found; AI(pA)=0.0347 C(nM)+0.7911 pA, R>=0.9971,
whereas for higher concentration range (5-30nM), the corres-
ponding equation is as follows: AI(pLA)=0.2367C(nM)+0.0251 pA,



224 S. Khezrian et al. / Biosensors and Bioelectronics 43 (2013) 218-225

R?>=0.9939 (inset B of Fig. 3). The detection limit was calculated as
37 pM (based on S/N=3). The reason for observing two linear
concentration ranges with different slopes is that the amount of
aptamer immobilized on the electrode surface is some certain.
When the sensor is used to detecting IgE at low concentrations,
IgE can readily interact with the abundant active sites of aptamer
present on the electrode surface. With increasing IgE concentration,
the active sites of aptamer available on the electrode surface for
interacting with IgE target molecules become fewer. Therefore, the
sensitivity declines when the aptasensor is used to determine higher
concentractions of IgE and calibration curves with different slopes
are observed. This phenomenon was also reported for some other
aptasensors (Yang et al., 2009; Ding et al., 2010; Wang et al., 2009c).

Table 1B lists the response characteristics of the proposed IgE
aptasensor compared to the some other electrochemical or optical
aptasensors reported in the literature. The results presented in
Table 1B obviously show that the different characteristics of the
proposed strategy for IgE biosensing are better in some cases or
comparable with the other sensors reported so far.

The reproducibility of the aptasensor is a very important
feature, and thus the parameter was estimated. Six repetitive
measurements of 5 nM of IgE solution with the proposed biosen-
sor was used for estimating the precision of the aptasensor. The
results indicated acceptable and reproducible signals with RSD of
4% were obtained. Furthermore, in order to study the reproduci-
bility of the aptasensor fabrication strategy, five MB/Apt/
MWCNTSs/IL/Chit/GC electrode prepared independently. The RSD
of the aptasensors responses toward 5 nM of IgE was 5%, which
indicated that the detection results based on the proposed
strategy are reproducible and the aptasensor is of good
reproducibility.

3.4. The selectivity of biosensor for IgE detection

An excellent electrochemical aptasensor has to illustrate good
selectivity. In order to investigate the binding specificity of the

Table 1B
Response characteristics of different aptamer-based IgE biosensors.

aptasensor toward IgE, control experiments were performed
under the same experimental conditions. For this purpose, two
compounds of BSA and Lysozyme were chosen as the interfering
proteins. Since Lysozyme has a very high basic charge (p[=9.1)
and is known to bind nonspecifically to nucleic acids, hence, it can
be a good control experiment. The concentration of the BSA was
chosen to be very high, as in the case of serum samples. Fig. 4
exhibits different current response signals of the proposed sen-
sing system after the addition of 40 nM Lysozyme (Fig. 4A), 1%
BSA (Fig. 4B) and 3 nM IgE (Fig. 4C). As can be seen, while the
decrease of MB reduction peak current is very small after the
electrode reacted with BSA and Lysozyme, a significant decrease
induced by the interaction of the aptamer probe and IgE was
observed. This can be ascribed to this fact that the binding event
between IgE and aptamer is based on the specific recognition
between them but not on the other factors, such as nonspecific
protein adsorption. Therefore, the proposed strategy has a suffi-
cient specificity to IgE against other proteins and IgE could be
identified with high selectivity.

3.5. The IgE determination in serum samples

In order to estimate the applicability of the methodology, the
proposed IgE aptasensor was tested by applying it to the analysis
of IgE concentration in a human serum sample by the DPV
technique. The standard addition method was adopted for this
purpose and the obtained result was compared with the deter-
mined value through a standard ELISA method. Performed mea-
surements gave 0.96 ( +0.03) nM (the average of three replicate
measurements) for IgE concentration in serum sample which is
very close to that obtained by standard ELISA method (0.90 nM)
( Fig. S6). It could be seen that there is a good agreement between
results obtained by two methods and thus, the MB/Apt/MWCNTs/
IL/Chit/GC electrode might be a promising system for detecting
IgE in real samples.

4. Conclusion

In summary, a simple and label-free electrochemical aptasen-
sor was developed utilizing MWCNTSs/IL/Chit nanocomposite as a
promising transduction platform on the electrode surface and MB
as an effective redox indicator. Due to the unique properties of
vast surface-to-bulk ratio and good electrical conductivity as well
as abundant reactive amine groups, MWCNTs/IL/Chit nano-
composite function as a signal amplifier to facilitate both the
immobilization of the aptamer probe on its surface and the
electron-transfer between the MB and the electrode. The human

C

Analytical method DLR (nM) LOD (pM) Ref.
Fluorescence anisotropy 1-60 350 Gokulrangan et al. (2005)
Luminescence - 100 Jiang et al. (2004)
FET 0.25-20 250 Maehashi et al. (2007)
AC voltammetry 0.36-54 36 Wau et al. (2009)
EIS 2.5-100 100 Xu et al. (2005)
EIS 0.5-5 Wang et al. (2009b)
DPV 0.5-30 37 This work
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Fig. 4. The DPVs of MB/Apt/MWCNTs/IL/Chit/GC electrode before (solid line) and after (dashed line) being incubated for 40 min with (A) 40 nM Lysozyme, (B) 1% BSA and

(C) 3 nM IgE. Electrolyte: PBS (0.1 M, pH 7.4).
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IgE was used as the model target protein to demonstrate the
feasibility of the proposed methodology as a proof of concept.
Here, the cathodic peak current of MB linearly decreases by the
addition of IgE in concentration range of 0.5 to 30.0 nM. The
estimated detection limit of the IgE was 37 nM. This method can
specifically recognize IgE, other proteins such as BSA and Lyso-
zyme did not affect the detection and it has been applied in real
sample with satisfactory result. For all, the proposed aptasensor
has been demonstrated to offer a convenient, specific, and
sensitive method not only for detecting IgE as a model system
but it also possess the potential to be applied for other targets
detection.
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