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An aptamer-based electrochemical sensing platform for the direct protein detection has been developed
using IgE and a specifically designed aptamer with hairpin structure as the model analyte and probe
sequence, respectively. In the absence of IgE, the aptamer immobilized on an electrode surface forms
a large hairpin due to the hybridization of the two complementary arm sequences, and peak currents of
redox species dissolved in solution can be achieved. However, the target protein binding can not only
cause the increase of the dielectric layer but also trigger the significant conformational switching of the
aptamer due to the opening of the designed hairpin structure that pushes the biomolecule layer/elec-
trolyte interface away from the electrode surface, suppressing substantially the electron transfer (eT) and
resulting in a strong detection signal. The detection limit of 3.6 x 10! M and linear response range of
54 x 107" to 3.6 x 1078 M are achieved without any amplifier. The selectivity is confirmed by inter-
ference test. More importantly, an innovative concept of adapting intelligently a surface-confined
aptamer sequence is introduced, and the limitations of the conventional electrochemical aptasensors
have been overcome. The proposed sensing scheme is expected to become a promising strategy for the
detection of proteins and other biomacromolecules.
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1. Introduction

Aptamers are short, single-stranded, functional DNA or RNA
molecules selected from random-sequence nucleic acid combina-
torial libraries by Systematic Evolution of Ligands by Exponential
Enrichment (SELEX). The aptamers are chemically stable, small in
size, inexpensive and can bind nearly any target with high affinity
and specificity [1]. The flexibility and convenience in the design of
aptamer sequences make them attractive bio-recognition
elements. Despite the efforts of a few groups to develop simple and
convenient colorimetric aptamer-based assay methods, sensitive
target detections using colorimetry proved rather difficult [2,3].
Although an impressive number of fluorescence-detected signaling
aptamers have been reported [4-9], the applications of those
fluorescent signaling aptamers remain challenging to a certain
extent [6,8,9]. Electrochemical detection offers possibly an alter-
native to optical techniques for the development of aptamer-based
assays. An increasing effort has been recently devoted to the design
of electrochemical aptamer-based detection systems, and impres-
sive results have been achieved [10-17].
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Immunoglobulin E (IgE), only been found in mammals, is a class
of antibody (or immunoglobulin “isotype”) in biology. Although the
IgE concentration is extremely low in human serum (about 1 nm) in
anormal (“non-atopic”) individual, it can trigger the most powerful
immune reactions [18]. However, serum IgE is significantly raised in
patients afflicted with allergic asthma, atopic dermatitis and other
immune deficiency-related diseases, including AIDS [19]. There-
fore, the IgE determination is of great value. Electrochemical
aptamer-based biosensor using a redox-tagged, surface-confined
aptamer as the probe sequence for the label-free reagentless
detection of specific target molecule has proven versatile and
received an increasing amount of attention [10-15]. However, there
is no demonstration of an analytical paradigm for the IgE detection
thought some aptamer-based assays have been reported utilizing
distinct signal transduction mechanisms [19-23]. As indicated in
a literature [16], to construct a reagentless sensing interface,
a large-scale conformational change upon the target binding is
required as the binding signal arises from the motion of terminal
redox-active species relative to the external substrate surface. Thus,
the probable reason for the lack of reagentless electrochemical
biosensor for the label-free IgE detection is that the conformational
change of the standard aptamer sequence upon target binding is
not large enough to generate an electrochemical signal. Possibly by
the same token, other types of electrochemical assay systems for
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the IgE detection are very few. To fabricate a sensitive sensing
interface, the key is to design a versatile aptamer probe that can
undergo significant conformation change to transduce efficiently
target protein binding events to a detectable signal.

In the present contribution, a new electrochemical aptasensor is
described based on the conformational change of a specifically
designed DNA aptamer sequence, in which human immunoglob-
ulin E (IgE) is used as the target protein. The thiolated 81-mer
aptamer containing the original sequence of 37-mer anti-IgE
aptamer consensus probe is assembled on the surface of a gold
electrode via sulfur-gold affinity and can fold into a loop-stem
structure as the two complementary arm sequences hybridize with
each other. When being immersed in a redox-active solution, the
aptamer-modified gold electrode can offer a significant peak
current. In the presence of target protein, the interaction between
the recognition motif of the designed aptamer and IgE induces
a dramatic decrease in peak current without any amplifier. Using
the present electrochemical aptamer-based assay platform, the IgE
detection can be readily accomplished, and a relatively low detec-
tion limit as well as a wide linear dynamic range can be obtained.
The detailed scheme of the electrochemical protein detection is
represented; the conditions for the preparation of the sensing
interface are investigated, and the analytical characteristics
achieved are evaluated.

2. Materials and methods
2.1. Reagents

The anti-IgE aptamer used in the present study was designed and evaluated
with the help of DNA folding software based on the previous works [24,25] and
synthesized by Takara Biotechnology Co. (Dalian, China). The base sequence for the
aptamer is as follows:

5/-HS-(CH3)s-GCGCG GGGCA CGTTCA TAACC TTCAG CAAGC TTTAA CTCAG GGGCA
CGTTT ATCCG TCCCT CCTAG TGGCG TGCCC CGCGC-3'.

The underlined fragments refer to the two complementary arm sequences; the
italicized fragment is the random spacer sequence; the bold fragment is the stan-
dard anti-IgE aptamer sequence. Immunoglobulin E (IgE) purified from human
plasma was purchased from Meridian Life Science, Inc. (Saco, ME, USA). Bovine
serum albumin (BSA), human serum albumin (HSA) and human IgG were obtained
from Beijing Dingguo Biotechnology Center (Beijing, China). The aptamer and
protein solutions were prepared with 10 mm phosphate buffered saline (PBS, pH 7.4)
containing 2.7 mm KCl, 200 mm NaCl and 1 mm MgCl, and stored at 4 °C for future
use.

All other chemicals were of analytical grade and used as-received without
further purification. Deionized and autoclaved water (resistance > 18 MQ/cm) was
used throughout the experiments.

2.2. Aptamer-based biosensor preparation

A gold electrode (1.0 mm diameter) received from Chenhua Instruments Co.
(Shanghai, China) was polished to a mirror smoothness successively with 1.0, 0.3
and 0.05-um alumina powder on a clean polishing microcloth. After each polish, the
electrode was thoroughly washed with water. After sonicating in water, absolute
alcohol and water for 5 min each, the resulting electrode was incubated with
piranha solution (30%H3S04/70%H202, WARNING: piranha solution reacts violently
with organic materials) for 20 min. Following washing with water, the electrode was
electrochemically treated by potential cycling in 0.1 m H,SO4 until stable voltam-
mograms could be obtained. After being washed with water again, the cleaned gold
electrode was dried in a stream of nitrogen.

To fabricate an aptamer-based biosensor, 10 pL of 1.2 um aptamer solution was
given onto the surface of the inverted cleaned electrode, and the self-assembly
reaction was allowed to proceed in a humidity chamber at room temperature for
120 min. Subsequently, the aptamer-modified electrode was washed with copious
water to remove the non-immobilized aptamer probes. After being exposedtoa 1 m
glycine solution for 30 min to block the remaining bare region, the resulting elec-
trode was ready for the IgE detection.

2.3. Electrochemical measurements

Alternating current (AC) impedance, AC voltammetric and cyclic voltammetric
(CV) measurements were carried out in a conventional three-electrode setup using
CHI 760B electrochemical workstation (Shanghai, China). The counter electrode was
a large area platinum foil while the reference electrode was a saturated calomel

electrode (SCE, saturated KCl), against which all potentials were reported. Imped-
ance spectra were recorded over a voltage frequency range of 1-100,000 Hz at an
applied potential of 240 mV with the AC voltage amplitude of 5 mV. CV experiments
were conducted in the scan range from —0.2 to +0.6 V at a scan rate of 100 mV/s.
Aptamer-based biosensors were evaluated using AC voltammetry over the potential
range from —0.2 to 0.7V at a frequency of 1 Hz, a sample period of 1.1 s and an
amplitude of 25 mV. All electrochemical measurements were performed in 10 mm
PBS (pH 7.4) containing 0.1 m KCl and 5 mm K3[Fe(CN)g]/K4[Fe(CN)g] redox couple at
room temperature.

2.4. Procedure of protein detection

A 10-pL droplet of IgE solution at specific concentration was placed on the
surface of the aptamer-modified electrode, and the target-aptamer binding was
allowed to react for 60 min. After rinsing with PBS, the AC voltammetric measure-
ment was performed. The peak current was used to evaluate the target protein
content in sample as it was determined by the amount of IgE accumulated on the
modified electrode surface that was directly related to the target concentration.

3. Results and discussion
3.1. Aptamer probe design

For a given reversible reaction, the voltammogram can provide
information not only about the formal potential of the surface
redox reaction but also about the amount of redox-active species.
On the other hand, as shown in the literatures [26,27], the rate
constant (ket) of electron transfer (eT) across self-assembled
monolayers with functional redox molecules or reactants dissolved
in solution is measured as a function of the eT distance (L). In
general, for nonresonant tunneling, the eT rate constant decreases
exponentially with increasing L. The values of the decay constant
B(=—dIn[ke]/dL) range from 0.2 to 0.6 A~ for unsaturated bridges
and 0.8-1.5 A~ for saturated ones. Under specific conditions, the
peak intensity is determined by the electron-transfer distance
between the redox species and the electrode surface. To some
extent, these works provide hints for the electrochemical assay
systems based on the conformational change of surface-confined
aptamer DNA sequences.

On the basis of the foregoing considerations, an electrochemical
aptamer-based biosensor via target-induced conformation
switching of specifically designed aptamer is presented in the
present contribution. As reported in the earlier literatures, the
binding properties of an aptamer depend extremely on its intact
base sequence, especially in the loop [28,29]. The adaptation of the
loop sequence of aptamer probes might cause a nearly complete
loss of binding activity [29,30]. To make the aptamer undergo
a large-scale conformational change upon target binding without
sacrificing its binding capability, we designed specifically an
aptamer probe against IgE with a 13-base-pair self-complementary
stem and a 55-base loop via lengthening the original aptamer
sequence by 44 bases. The sequence and secondary structure of the
synthetic aptamer are shown in Scheme 1A and B. One can see that
this extended aptamer sequence contains a standard aptamer
segment that can specifically interact with target IgE as shown in
the previous works [20,21,23]. The electrochemical detection of
target IgE using the designed aptamer-based biosensor (as opposed
to an assay system based on a standard anti-IgE aptamer sequence)
is shown in Scheme 2. As the perfectly matched stem 1 is longer
than the stem 2 containing an inserted base, the designed aptamer
probe can fold into a large hairpin structure in the absence of target
protein. In this case, a high electron-transfer rate for the redox
reaction of [Fe(CN)g]> /4~ is obtained. However, the IgE binding can
induce the structure switching of the aptamer probe from a large
hairpin to a protein/aptamer complex, resulting in an increase not
only in the dielectric constant of the bio-recognition layer but also
in the electron-transfer distance as the partial stretching of the
aptamer probe pushes the biomolecule/electrolyte interface away
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Scheme 1. Estimated structure of the designed anti-IgE aptamer (A) calculated using
the Zucker DNA folding program and its possible secondary structure (B) upon binding
to IgE. The part enclosed with the dotted line is the standard secondary structure of the
published anti-IgE aptamer. G-T base pairing is denoted with a dot. To obtain an
amplified signal, a 40-mer fragment and a 4-mer fragment are added to the 5’-end and
3’-end of the original aptamer, respectively. In the absence of IgE, the extended
aptamer can form a large stable hairpin structure due to the hybridization of the 13-
mer fragment close to the 5'-end with the complementary fragment close to the 3'-
end. The conformational change is assisted by the formation of a small hairpin
structure and the IgE/aptamer interaction. (C) Equivalent circuit model for the elec-
trochemical cell in the presence of redox probes.

from the electrode surface. The present aptamer probe can
theoretically offer an additional electron-transfer distance of
13.6 nm between redox couples and electrode surface resulting
from a 5'-40-base-extension using 34 A/10 bases as the length [31].
Consequently, the electron-transfer reaction through the biomole-
cule layer is dramatically inhibited, and an enhanced detection
signal is observed. Fig. 1A confirms the feasibility of the present
electrochemical aptasensor. To demonstrate clearly the detection
capability, we evaluated the intensity of the signal by direct
comparison. The relative current response is defined as |(Io —I)|/
(Io+1) x 100%, where Iy and I are the peak current recorded for the
aptamer-modified gold electrode before and after introduction of
IgE, respectively. Compared to the relative current response of not
more than 50% obtained by some existing reagentless electro-
chemical aptamer-based sensors [10,13,14], the present aptasensor
could offer a current response of about 98% that was calculated
from Fig. 1A, suggesting a substantial improvement of detection
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Scheme 2. Schematic representation of the construction of electrochemical aptamer-
based biosensor and the principle of IgE detection. The designed aptamer probe, a 5'-
thiolate DNA sequence, can fold into a hairpin structure and is immobilized onto a gold
electrode surface. Short vertical lines denote glycine molecules used to block the bare
region of gold electrode. The bases in the loop region are not shown. The target binding
not only increases the dielectric constant of the bio-recognition layer but also induces

the conformational change of the designed aptamer, suppressing significantly the
electron transfer (eT) that triggers a current response.

capability. The observation was consistent with the fact that elec-
troactive moieties could not efficiently exchange electrons with the
separation distance of more than 10 nm [12].

3.2. Time dependence of the self-assembly of the designed aptamer

The incubation time for the self-assembly of the designed
aptamer was explored as it directly influence the immobilization
efficiency. Fig. 1B describes the time dependence of the peak current
decay recorded for the modified interface prepared by exposure of
a freshly cleaned gold electrode to the aptamer solution for different
periods of time. The peak current decreases rapidly with the
increment of assembly time up to 60 min, and then gradually reach
a plateau, indicating that the self-assembly reaches a steady state.
Although a coverage efficiency of about 95% is obtained at 60 min
assuming that the coverage efficiency of the used aptamer is 100%
for the maximal current change, 120-min incubation time is used for
the aptamer self-assembly in subsequent experiments.

3.3. Electrochemical characterization of aptamer-based biosensor

The ability of the films to insulate the electrode surface at
different stages of the aptasensor preparation was investigated by
cyclic voltammetry in the presence of a fairly reversible redox
couple [Fe(CN)5]3’/4’ in solution. As shown in Fig. 2A, the cyclic
voltammogram at the bare gold electrode exhibits a pair of
reversible redox peaks with very high peak currents (line a);

proteins, Biomaterials (2009), doi:10.1016/j.biomaterials.2009.02.017
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Fig. 1. (A) The current response for the aptamer-based biosensor prepared via the proposed method. Lines a and b indicate the AC voltammograms collected for the aptamer-
modified electrode before and after being incubated in 36 nm IgE solution, respectively. (B) Influence of the time for the self-assembly of anti-IgE aptamer on the peak current of the
proposed biosensor. The peak current of AC voltammogram recorded for the bare gold electrode was used to evaluate the initial state of the gold electrode exposed to aptamer

solution.

Self-assembled monolayer of the designed aptamer probe on the
electrode surface leads to a large decrease of the peak currents as
well as an increase in the peak-to-peak separation (line b). This
phenomenon is explained by a fact that the electrostatic repulsion
between anionic [Fe(CN)g]>/*~ and the surface-bound aptamer
DNA sequences with negative charges retards the interfacial elec-
tron-transfer Kkinetics. The aptamer-modified gold electrode
exposed to glycine solution does not exhibit an obvious change in
the insulating property (line c). Presumably, the physically adsor-
bed glycine layer cannot impede the interfacial electron transfer. A
large detection signal is achieved after binding of IgE to the surface-
confined aptamer probe (line d), indicating that the electron
transfer between the electrode surface and redox couples in solu-
tion was substantially hindered due to the opening of the stem 1
and the formation of IgE/aptamer complex (shown in Scheme 2).
Additionally, we infer that the dissociation of target protein from
the aptamer-modified electrode during the process of performing
the cyclic voltammetric measurements is negligible since the peak

80
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currents do not display obvious changes (not shown here) even
after tens of cycles.

As an effective method to probe the interface properties of modified
electrodes, impedance spectroscopy was also used to evaluate the
interfacial electron-transfer efficiency at different stages of biosensor
preparation. Fig. 2B displays Faradaic impedance spectra (presented as
Nyquist plot) of the same electrode with different modified surfaces.
Equivalent circuit model for the electrochemical cell in the presence of
aredox probe, [Fe(CN)g]> /4", is shown in Scheme 1C.Rs, Zw, Ret and Cdl
are the ohmic resistance of the electrolyte solution, the Warburg
impedance resulting from the diffusion of ions from the bulk of the
electrolyte to the interface, the electron-transfer resistance and the
double layer capacitance, respectively. Rs and Zw are not affected by the
chemical transformations occurring at the electrode surface while Cdl
and Ret depend on the dielectric and insulating features at the electrode/
electrolyte interface. As seen in Fig. 2B, the impedance of the aptasensor
challenged with target molecules is dominated by slow long-range
charge transfer across the surface-immobilized biomolecule layer [32];
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Fig. 2. Cyclic voltammograms (A) and AC impedances (B) of the aptamer-based biosensor at different preparation stages. (a) Bare gold electrode; (b) aptamer-modified gold
electrode; (c) glycine-blocked gold electrode; (d) aptamer-based sensing interface after interaction with IgE at 36 nm for 1 h.
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Fig. 3. (A) Effect of incubation time for the aptamer/IgE interaction on the current
signal of the aptamer-based biosensor. The peak current of AC voltammogram recor-
ded before the addition of IgE was used to estimate the initial state of the sensing
interface obtained by being incubated in the analyte-containing sample. IgE solution at
the concentration of 36 nm was involved. (B) Selectivity of the proposed assay plat-
form. The IgG (163 nm), HSA (363 nm), BSA (380 nm) and a mixture of 163 nm IgG,
363 nm HSA and 380 nm BSA were used to evaluate the detection selectivity. A blank was
obtained after incubating the working electrode in the absence of IgE under identical
conditions. The electrochemical signals presented are the blank-subtracted data.

An 13-fold increase in the imaginary part of the Faradaic impedance and
8-fold increase in the real part were observed upon the target protein—
aptamer interaction. Even though the impedance biosensors are based
on aptamer probes against other proteins that display an obvious
binding-induced conformational change [11,13], the increase in the
electron-transfer resistances upon the interaction between the aptamer
and target is lower than 4-fold [33,34].

The measured data indicated that the target protein binding could
achieve a substantial change in the electrochemical behavior of
surface-confined biomolecule layer. This phenomenon should be
attributed to both the significant conformational change of aptamer
probes and the formation of target-aptamer complexes. Obviously,
the newly designed aptamer-based sensor could be used for the
sensitive detection of IgE, and the analytical performance of other
aptamer-based electrochemical sensors is also expected to be
improved if the aptamer sequence is adapted by the present strategy.

3.4. Incubation time for IgE-aptamer binding

The incubation time for the interaction of target protein and the
surface-bound aptamer probe was investigated as a factor influencing

the analytical performance of the present biosensor. Fig. 3A shows
a plot of the relative current response as a function of the incubation
time of target protein. One can see that the relative current response
increases rapidly upon target binding and then changes slowly after
about 25 min (the point formed by two straight lines). In our work,
60-min incubation time was chosen for binding of target protein to the
aptamer-modified electrode in subsequent experiments.

3.5. Selectivity study

To confirm that the current signal is induced by the specific
interaction of the novel designed aptamer and the target molecule,
the degree of the nonspecific binding of other proteins was evalu-
ated under the same experimental conditions as in the case of IgE.
The experimental results are shown in Fig. 3B. The mixture of 163 nm
IgG, 363 nm HSA and 380 nm BSA can induce a relative current
response of 5% based on the assumption that the specific binding
response upon addition of target IgE is 100%. The influence of these
proteins was also independently investigated. The current change
induced by HSA and BSA is small. Although the structure of IgG is
similar to that of target IgE [20], the relative current response caused
by this molecule is about 3% even at a higher concentration than that
of IgE. These measured data indicates an insignificant cross-reac-
tivity. It is clear that the extended aptamer probe with specifically
designed hairpin structure by adapting intelligently the published
anti-IgE aptamer can bind its target molecule with high affinity and
selectivity. It is reasonable that the recognition motifs of the
designed aptamers can maintain their binding properties since the
chemical modification of aptamers with external labeling groups
does not disrupt the formation of aptamer-target complexes when
the labels are far away from the recognition motifs [35]. These data
obtained provided direct evidence that the current signal is gener-
ated from the specific interaction between the aptamer and IgE.

3.6. Analytical characteristics of aptamer-based biosensor

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. As the IgE concen-
tration increases, the resultant electron-transfer resistance is
gradually enhanced, yielding an electrochemical signal. As shown
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Fig. 4. The linear relationship between the relative current decrease and Log IgE
concentration. The error bars indicated the standard deviation of triplicate determi-
nations for each concentration of IgE. The regression equation was
Y=25.0log X + 283.6 with a correlation coefficient of 0.9858, where Y and X repre-
sented the relative current response and the IgE concentration, respectively.
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in Fig. 4, there is a linear relationship between the relative current
response and the logarithm of the target concentration in the range
of 5.4 x 107" to 3.6 x 108 m. There is no significant change in
recognition signal when the target concentration increases or
decreases further. The points at higher or lower target concentra-
tion are not within the linear response range. To evaluate the
applicability and reliability of the proposed system, the recovery
experiment was carried out. Four samples containing the same
concentration (3.6 x 1072 m) were prepared individually, and each
was detected four times. The average recovery was ~97% with the
average relative standard derivation of 8.9%. The detection limit
was 3.6 x 10~ 1y, at which target protein binding can trigger
a well-defined current signal when compared with the blank
current. Taking the sample volume (10 pL) into consideration, the
present aptasensor is capable of efficiently detecting down to 360
amol of IgE, indicating that the detection capability achieved is
much better than that of fluorescence assay using signaling
aptamer as the probe [20,21]. Using the proposed strategy, a wider
linear response range and a lower detection limit can be achieved
compared to the existing electrochemical biosensors using a stan-
dard aptamer DNA sequence as the probe molecule [19,30].

4. Conclusions

A new strategy to convert efficiently the aptamer-target recog-
nition event into an electrochemical signal was described in the
present work by introducing an additional stem and a spacer frag-
ment into the standard aptamer sequence. The extended aptamer can
maintain the binding properties of the original sequence and
preserve high affinity and selectivity, ensuring that the correspond-
ing detection system possesses attractive features, for instance, wide
linear response range, low detection limit and high selectivity. The
present electrochemical direct sensing platform exhibits several
advantages: a simple design of an aptamer sequence, low-cost and
straightforward fabrication, and almost effortless detection proce-
dure. It is worth noting that an innovative probe concept is intro-
duced in this contribution. Using the present strategy, various assay
platforms could be readily constructed based on the target binding-
induced large-scale conformational changes of aptamer probes even
though the conformation of the standard aptamer sequence change
slightly upon target binding, thus holding great promise and poten-
tial for applications in diagnostics and proteomics.
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Appendix

Figures with essential colour discrimination. Scheme 2 in this
article may be difficult to interpret in black and white. The full
colour version can be found in the on-line version, at doi:10.1016/j.
biomaterials.2009.02.017.
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