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a b s t r a c t

A new kind of aptamer-based immunomagnetic electrochemiluminescence (IM-ECL) assay for quanti-
tative detection of protein is developed. The assay consists of a double aptamer sandwich format in
which a biotin-labeled aptamer is used for rapid and specific capture of target protein, and a [Ru(bpy)3]2+

(TBR)-labeled aptamer is used for ECL detection. As an example, platelet-derived growth factor B-chain
homodimer (PDGF-BB) was detected by the method. Experimental results show that the detection limit
of the assay is 80 pmol/L of PDGF-BB. A calibration curve with a linearity range from 0.1 to 1000 nmol/L
is established, thus, make quantitative analysis possible. The method has been used to detect PDGF-BB
in fetal calf serum with minimum background interference. Due to the wide availability of aptamer for
numerous proteins, this new method holds great promise in protein detection.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Proteins play very important roles in almost all functions of life.
Assays for specific and sensitive detection of proteins and their
molecular variants are necessary in many biotechnological applica-
tions and biomedical studies. The most commonly used method for
protein detection is enzyme-linked immunosorbent assay (ELISA).
However, the assay requires multiple steps and long incubation
time (≥1 h per step), further more, the result is semi-quantitative.
To overcome these shortcomings, an immunomagnetic electro-
chemiluminescence (IM-ECL) assay has been developed, in which a
biotin-labeled antibody is used for rapid and specific capture of tar-
get protein by streptavidin microbeads through biotin–streptavidin
linkage, and a ruthenium (II) tris-bipyridal ([Ru(bpy)3]2+, TBR)-
labeled antibody is used to react with tripropylamine (TPA) to emit
light for ECL detection. Though the IM-ECL assay can detect target
protein with high sensitivity, rapidness and wide dynamic range
(Blackburn et al., 1991; Yan et al., 2004; Miao, 2008), the usage of
antibodies in the assay introduced some drawbacks, such as anti-
body is temperature-sensitive, irreversible denaturation, and has
a limited shelf life. These disadvantages limit the application of
current IM-ECL assay.

With the further study of the structure–function relationship
of nucleic acid molecules, a new kind of artificial oligonucleotides
is beginning to emerge as a class of molecules that rival anti-
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bodies in both diagnostic and therapeutic applications. These
oligonucleotides, referred to as “aptamers”, are generated via
SELEX (systemic evolution of ligands by exponential enrichment)
technique. They can fold into well-ordered, three-dimensional
structures to recognize a variety of targets including proteins, pep-
tides, small molecules, and even intact viruses and cells (Tuerk and
Gold, 1990; Ellington and Szostak, 1990; Jayasena, 1999). Aptamers
share similar identification principle for targets with antibodies;
further more, they can provide several advantages over antibodies,
such as simple synthesis, easy labeling, good stability, reversible
thermal denaturation, unlimited shelf life, wide target range, and
high sensitivity. Therefore, since the first application of aptamer
to detect human vascular endothelial growth factor by Drolet in
1996 (Drolet et al., 1996), various aptamer-based biosensors have
been established, including quartz crystal microbalance, surface
plasma resonance (SPR), fluorescence, electrochemistry, ECL, and
colorimetry (Luzi et al., 2003; Tombelli et al., 2005; Zhou et al.,
2007; Liu et al., 2009). In these aptamer-based biosensors, ECL sen-
sors are very promising due to the combination of advantages of
both electrochemical and chemiluminescent biosensors, such as
high sensitivity and easy control.

Recently, Zhang’s group has reported a highly sensitive
aptamer-based ECL biosensor for protein detection using electrode
surface as solid support (Li et al., 2007). However, the procedures
of immobilizing aptamer to the electrode surface and releasing
aptamer from the electrode surface were complicated and time-
consuming. Using magnetic beads instead of the electrode surface
as solid support will conquer these defects since magnetic beads
can provide a fast and simple selection of target protein from com-
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plex matrix, and the immobilization and release of aptamer only
need to activate or deactivate the magnetic field (Centi et al., 2008).

In the present study, we try to use magnetic bead as solid
support to develop a new kind of aptamer-based IM-ECL assay.
To test the feasibility of the assay, we applied it to analyze
platelet-derived growth factor B-chain homodimer (PDGF-BB), a
growth factor protein found in human platelets (Huang et al.,
2005).

2. Experimental section

2.1. Materials and reagents

Fetal calf serum, TPA and the chemicals to synthesize
[Ru(bpy)3]2+ N-hydroxysuccinimide ester (TBR-NHS ester) were
purchased from Sigma (Louis, MO, USA). Streptavidin microbeads
(2.8 �m diameter) were products of Dynal Biotech (Lake Success,
NY, USA). Recombinant human PDGF-AA, PDGF-AB, and PDGF-BB
were purchased from R&D Systems, Inc. DNA oligonucleotides
modified with biotin and amino group were synthesized by San-
gong Inc. (Shanghai, China) (sequence 1: 5′-biotin-AAAAAAAAA-
ATACTCAGGGCACTGCAAGCAA TTGTGGTCCCAATGGGCTGAGTAT-
3′; sequence 2: 5′-amino-AAAAAAAAAATACTCA GGGCACTGCAAGC
AATTGTGGTCCCAATGGGCTGAGTAT-3′). The underlined sequences
represent the aptamer sequences specific for PDGF-BB, which are
identified by Green et al. via the SELEX process from a library of
3 × 1014 molecules (500 pmol) of single-stranded DNA randomized
at 40 contiguous positions (Green et al., 1996). The 5′-amino mod-
ified aptamer was label with TBR-NHS ester by our lab according
to Terpetschnig’s paper (Terpetschnig et al., 1995).

2.2. Aptamer-based IM-ECL assay

A custom-built ECL detection system was described in detail in
our previous research (Zhu et al., 2004, 2008). For the samples anal-
ysis, 20 �l Tris–HCl buffer (pH 7.1, 20 mmol/L Tris–HCl, 140 mmol/L
NaCl, 5 mmol/L KCl, 1 mmol/L CaCl2, 1 mmol/L MgCl2) contain-
ing 1 �mol/L biotin-labeled aptamer (sequence 1) and 1 �mol/L
TBR-labeled aptamer (sequence 2) was incubated with 10 �L of
PDGF-BB in PBSM buffer (137 mmol/L NaCl, 10.1 mmol/L Na2HPO4,
1.8 mmol/L KH2PO4 (pH 7.4), 2.7 mmol/L KCl, 1 mmol/L MgCl2, and
10 g/L bovine serum albumin) at room temperature for 20 min.
The solution was then transferred into the electrochemical detec-
tion cell and incubated with streptavidin microbeads at 37 ◦C for
30 min with gentle shaking to form the biotin–streptavidin link-
age. The microbeads were washed with phosphate-buffered saline
(PBS, pH 7.4) twice in the magnetic field, resuspended in 100 �l
ECL assay buffer (0.2 M NaH2PO4, 0.04% Tween 20, 0.1 M TPA, pH
8) and detected by ECL assay. The applied potential of the ECL
reaction was 1.25 V according to previous optimization (Zhu et al.,
2004).

2.3. Calibration of the aptamer-based IM-ECL assay for PDGF-BB

To prepare the calibration standards, three separate sam-
ples for each PDGF-BB concentration (0.01 nmol/L–10 �mol/L)
were prepared and analyzed, respectively. To further evaluate
the reproducibility of the assay, each sample was measured 30
times with 1-s data integration, and the averages and standard
deviations were calculated using Microsoft Excel spread sheet
function. The calibration curve was plotted as the ECL value
(counts per second, cps) against the PDGF-BB concentrations in
PBSM.

Fig. 1. Schematic illustration of the aptamer-based IM-ECL assay.

3. Results and discussion

3.1. Experimental approach

Fig. 1 shows the basic principle of the aptamer-based IM-
ECL assay. The biotin-labeled aptamer and the TBR-labeled
aptamer specific for different epitopes of PDGF-BB bind
simultaneously with the target protein, to form a double-
aptamer sandwich complex (A). The sandwich complex
is then captured by the streptavidin microbeads through
biotin–streptavidin linkage (B). The amount of PDGF-BB is
determined by measuring the ECL signal generated from the
electrochemical reaction of TBR and TPA in the reaction cell
(C).

3.2. Specificity of the aptamer-based IM-ECL assay

To test the specificity of the aptamer-based IM-ECL assay,
PDGF-AA homodimer, PDGF-AB heterodimer and PDGF-BB homod-
imer were detected by the assay, respectively. PDGF-AA and
PDGF-AB are 2 other PDGF isoforms. They were each incu-
bated with the PDGF-BB aptamer and processed in the same
way as PDGF-BB. Results show that: the ECL values of PDGF-
AA and PDGF-AB are close to the ECL value of blank control;
while the ECL value of PDGF-BB is significantly higher than the
ECL value of blank control (Fig. 2). These results demonstrate
that the aptamer-based IM-ECL assay is highly specific; it has a
good selectivity for discrimination of PDGF-BB from other pro-
teins.
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Fig. 2. Detection of PDGF-AA, PDGF-AB and PDGF-BB showing the specificity of the
aptamer-based IM-ECL assay. On: potentiostat on. Off: potentiostat off.

3.3. Repeatability and reproducibility of the aptamer-based
IM-ECL assay

To estimate the repeatability and reproducibility of the
aptamer-based IM-ECL assay, three separate samples for each
PDGF-BB concentration (0.01 nmol/L–10 �mol/L) were prepared
and each sample was measured 30 times with 1-s data integration.
The results are shown in Fig. 3(A), each bar represents an average
value based on 30 1-s measurements from the same sample, with
the error bar (standard deviation) reflecting the measurement vari-

Fig. 3. (A) Repeatability and reproducibility of the aptamer-based IM-ECL assay. The
cutoff value is indicated as dashed lines. Each analysis represents a single run with
30 s acquisition time of each concentration on each day. Error bars indicate stan-
dard deviations from 30 s acquisition time. (B) A standard linear regression (log–log)
curve. The linear regression is come from solid circles. The solid circles represent
the average ECL values from three independent assays. R2 = 0.9959.

ation of the system. The variations in ECL value, among the three
separately prepared samples at each PDGF-BB concentration level,
reflect the variations introduced by an operator during each assay.
It can be concluded, based on the data, that the assay can detect
protein with excellent repeatability and reproducibility.

3.4. Calibration of the aptamer-based IM-ECL assay for PDGF-BB

Fig. 3(A) shows that ECL value increases with the PDGF-BB con-
centration. When the PDGF-BB concentration reached 0.08 nmol/L,
we observed the ECL value approximately the same as the projected
cutoff value of 50.12 cps, which is calculated as the average signal
of blank control + three times the standard deviation of blank con-
trol (3 SD). It is reasonable to assume this value (0.08 nmol/L) as the
detection limit of PDGF-BB concentration for our detection system.

The calibration curve is plotted in a double log scale, as shown
in Fig. 3(B). The linear regression is come from the solid circles,
which represent the average ECL values from three independent
assays. Linear regression of the data is performed for PDGF-BB con-
centrations between 0.1 and 1000 nmol/L (R2 = 0.9959). When the
PDGF-BB concentration is greater than 1000 nmol/L, the ECL value
does not rise with the increased PDGF-BB concentration. This pro-
zone effect may be due to the overloaded amount of the aptamers.
For our particular application, the dynamic range of our assay
is enough for quantitative analysis of PDGF-BB. If the ECL value
is higher or equal to the highest point of the linear portion, the
unknown samples can be diluted for a proportional measurement.

3.5. Detection of PDGF-BB in fetal calf serum

The aptamer-based IM-ECL assay was further applied to analyze
PDGF-BB in spiked fetal calf serum samples. The extraction recover-
ies of PDGF-BB from serum samples spiked with 0.5, 2, 10, 50, and
200 nmol/L were measured based on the calibration curve using
pure PDGF-BB in PBSM buffer at comparable levels. Five replicates
for each concentration were detected by the assay. Table 1 shows
the statistical data for the quantization of PDGF-BB. The data indi-
cated the recoveries ranged from 90 to 100% and the coefficients of
variation were less than 10%.

The ECL values of PDGF-BB measured in serum were lower than
the signal measured in PBSM buffer (recoveries <100%). This weak
matrix effect could be owing to the presence of some matrix com-
ponents in solutions which might bind or modify part of the protein,
so as to decrease its availability for binding to the aptamers. Simi-
lar results were reported previously (Centi et al., 2007). However,
the aptamer-based IM-ECL assay developed in our study is con-
tent to detect PDGF-BB in complex samples, particularly in terms
of specificity and sensitivity.

Aptamer-based assays can be set up in a variety of formats
(sandwich or competitive assays, direct or indirect assays). Centi
et al. (2008) have demonstrated that the sandwich format can give
a better specificity and sensitivity than other formats. Therefore, a
sandwich format was used in our assay. The biotin-labeled aptamer
is used for rapid and specific capture of the target protein and the
TBR-labeled aptamer is used for ECL detection. The high affinity of

Table 1
Recoveries of PDGF-BB from the spiked fetal calf serum samples determined by the
aptamer-based IM-ECL assay (n = 5).

Amount added (nmol/L) Amount measured (nmol/L) Recovery (%)

0.5 0.46 ± 0.02 92.0
2 1.92 ± 0.10 96.0

10 9.65 ± 0.25 96.5
50 45.8 ± 1.6 91.6

200 193.6 ± 8.4 96.8
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the biotin–streptavidin interaction (Kd = 10−15) allows for only the
target protein captured by both the biotin-labeled aptamer and the
TBR-labeled aptamer can be detected. Therefore, the assay should
be highly specific in theory. The good specificity of the assay has
also been demonstrated by experiment, as shown in Fig. 2.

The innovative aspect of the aptamer-based IM-ECL assay is
the coupling of aptamers with magnetic beads for the target pro-
tein immobilization before the ECL detection. Magnetic beads are
a powerful tool in a variety of bioassays (Rye and Nustad, 2001).
They can rapidly and simply select low-abundance target ana-
lytes (DNA, protein, bacteria) from complex samples without any
pre-enrichment or purification steps. The usage of magnetic beads
instead of the electrode surface as solid support makes our assay
rapid, simple and specific. Aptamers have many advantages over
antibodies. Their application makes our assay reagent-stable and
low cost.

4. Conclusion

In conclusion, a new kind of aptamer-based IM-ECL assay is
developed. The assay is specific, sensitive, wide dynamic range,
rapid, simple, reagent-stable and low cos. It can potentially become
a powerful tool for protein detection due to the wide availability of
aptamer for numerous proteins. Quantitative information for target
proteins can be obtained by the calibration curve.
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