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Abstract An electrochemiluminescence-based immunoas-
say using quantum dots (QDs) as labels for the carcinoem-
bryonic antigen (CEA) was developed using an electrode
modified with leafs of nanoporous gold. CEA was initially
immobilized on the electrode via a sandwich immuno-
reaction, and then CdTe quantum dots capped with
thioglycolic acid were used to label the second antibody.
The intensity of the ECL of the QDs reflects the quantity of
CEA immobilized on the electrode. Thus, in the presence of
dithiopersulfate as the coreactant, the ECL serves as the
signal for the determination of CEA. The intensity of the
electroluminescence (ECL) of the electrode was about 5.5-
fold higher than that obtained with a bare gold electrode.
The relation between ECL intensity and CEA concentration
is linear in the range from 0.05 to 200 ng.mL-1, and the
detection limit is 0.01 ng.mL-1. The method has the
advantages of high sensitivity, good reproducibility and
long-term stability, and paves a new avenue for applying
quantum dots in ECL-based bioassays.
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Introduction

Electrochemiluminescence (ECL), as a process of generat-
ing electrochemical species and forming excited states that

emit light, has been widely used in immunoassay due to its
versatility, simplicity, stability and high sensitivity [1–4].
Up to now, a variety of ECL luminophores including
inorganic [5, 6] and organic luminophores [7] have been
discovered and extensively applied in immunoassay [8].
Recently, quantum dots (QDs), as a new kind of ECL
luminophores, have begun to be applied in fabricating
ECL biosensor. Table 1 lists some of the ECL immuno-
assays by the use of quantum dots. These assays are all
based on the quench effect of immunoreaction on the ECL
of QDs. The target antigen was measured through the
decrease of ECL intensity resulting from the specific
binding of antibody to antigen. Besides, multiple amplifi-
cation strategies such as combining QDs with gold nano-
particles [9] or carbon nanotubes [10, 11] and self-
assembling gold nanoparticles on electrode [12, 13] have
been adopted to increase the sensitivity. However, the
process of preparing QDs-nanoparticle composites and
fabricating nanoparticle modified electrode is complicated,
inconvenient and time-consuming.

Recently, Ding’s group [14–16] have reported a simple
dealloying route to make ultra-thin nanoporous gold leaf
(NPGL) that is free-standing, highly conductive, large
surface area, and easy attachment to a variety of substrates.
The nanoporous gold leaf can be used to enhance the
electrochemiluminescence of quantum dots because of its
porous structure which can provide more binding sites and
reduce electron injection barrier to quantum dots. What is
more, the fabricating of nanoporous gold leaf modified
electrode is very simple and rapid. For these reasons, here,
we proposed a novel immunoassay based on quantum dots
ECL with NPGL amplification. Different from the conven-
tional ECL immunoassay, we make QDs as lables and the
ECL intensity would increase gradually with the increasing
concentration of target antigen.
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Carcinoembryonic antigen (CEA), as one kind of
glycoprotein with a molecular weight of about 200 kDa,
has been widely used as a tumor marker for clinical
diagnosis such as colon cancer, lung cancer and ovarian
carcinoma [17–20]. So the detection of CEA is of particular
importance in clinical tumor diagnosis and even prognosis
of original liver carcinoma. Many immunoassay techniques
including radioimmunoassay [21], enzyme-linked immuno-
sorbent [22] assay and fluorescence measurement [23] have
been used for CEA detection. Recently, electrochemical
immunoassay with the advantages of simple, inexpensive,
rapid analysis and high sensitivity has attracted growing
interest [24–26]. However, the reports concering ECL
detection of CEA are relatively scarce. In this paper, we
chose CEA as target antigen and realized the ECL
immunoassay through QDs labling with nanoporous am-
plification technique. In this assay, CEA was firstly
immobilized via a sandwich immunoreaction on the
electrode modified with nanoporous gold leafs. After the
specific binding of CEA with second antibody labeled by
QDs, the ECL signals from QDs could directly reflect the
concentration of CEA. This method combined the advan-
tages of electrochemical immunoassay and quantum dots
ECL and would have a great potential in the clinical protein
detection.

Experimental

Chemicals and materials

CEA (Ag, 200 kDa), monoclonal antibody to CEA (Ab1
and Ab2) were obtained from Shanghai Linc-Bio Science
Co. Ltd. (Shanghai, China, http://lincbio.diytrade.com),
Tellurium powder and potassium borohydride from

Sinopharm Chemical Reagent Co. Ltd. (Shanghai, China),
cadmium chloride from Alfa Aesar China Ltd. (Tianjin,
China), bovine serum albumin (BSA), thioglycolic acid
from Sigma (St. Louis, MO, USA, http://www.sigmaal
drich.com), N-hydroxysuccinimide (NHS) from Huifeng
Chemical Industry Ltd. (Weinan, China), 1-ethyl-3-(3-
dimethyl-aminopropyl) carbodiimide hydrochloride
(EDC) from Shanghai Medpep Co. Ltd. (Shanghai, China,
http://www.medpep.com), dithiopersulfate (K2S2O8) from
Tianjin Dongfang Chemical Plant (Tianjin, China), The
phosphate buffered solution consisted of 0.15 mol.L-1

NaCl, 7.6×10-3 mol.L-1 NaH2PO4 and 2.4×10-3 mol.L-1

Na2HPO4 (pH 7.4). Thioglycolic acid capped CdTe QDs
were synthesized as described in previous report [27] and
the size estimated from the empirical equations [28] was
about 2.5 nm. All aqueous solutions were prepared with
doubly distilled water.

Nanoporous gold leafs were offered by Ding’s group of
Shandong University. The NPGL electrode was prepared by
attaching the nanoporous gold leafs onto a 6-mm diameter
Au disk electrode, and cured for 20 min at 120 °C in an
oven. Before the fabrication, the Au disk electrode was
polished with 0.05 μm γ-Al2O3 and cleaned with ethyl
alcohol and doubly distilled water in an ultrasonicator.

Apparatus and measurements

A CHI802a electrochemical analyzer (CH Instruments,
Austin, TX, USA, http://chi.instrument.com.cn) was used
to perform the voltammetric and electrochemical measure-
ments. A PMT (model H9305-04, Hamamatsu Photonics
K. K., Japan) with a spectral width of 185–830 nm was
used to measure ECL emission. The ECL detections were
carried out using a self-made glass cell and a three-electrode
system consisted of a bare Au or a NPGL working electrode,

Table 1 Electrochemiluminescence immunoassay based on quantum dots with nanoparticle amplicifation

Analyte Scheme of immunosensor Analytical range/
LOD (ng.mL-1)

Amplification of ECL intensity Reference

Human IgG Ag/Ab/CHIT-gold NPs/CdS QDs/
PDCNT/electeode

0.006–150/0.001 4.25-fold higher of CdS QDs-PDCNT
composite than pure CdS QDs

9

Human IgG Ag/Ab/GLD/APS/CdSe QDs-CNT-
CHIT composite/electeode

0.02–200/0.001 2.5-fold higher of CdSe QDs-CNT-CHIT
composite than pure CdSe QDs

10

Human IgG Ag/Ab/gold NPs/PDDA/CdSe QDs-
CNT composite/electeode

0.002–500/0.0006 3-fold higher of CdSe QDs-CNT composite
than pure CdSe QDs

11

low-density
lipoprotein

Ag/Ab/CdS QDs/gold NPs/electeode 0.025–16/0.006 1.6-fold increase on gold NPs modified
electrode

12

Human
prealbumin

Ag/Ab/CdSe QDs/gold NPs/electeode 0.5–1000/0.01 1.7-fold increase on gold NPs modified
electrode

13

CEA CdTe QDs-Ab2/Ag/Ab1/NPGL/
electeode

0.05–200/0. 01 5.5-fold increase on NPGL modified electrode this paper

NPs nanoparticles, APS 3-aminopropyl-triethoxysilane, GLD glutaric dialdehyde, CNTs carbon nanotubes, CHIT chitosan, PDDA poly
(diallyldimethylammonium chloride), PDCNT PDDA-CNT composite, LOD limit of detection

286 X. Li et al.

http://lincbio.diytrade.com
http://www.sigmaaldrich.com
http://www.sigmaaldrich.com
http://www.medpep.com
http://chi.instrument.com.cn


a saturated calomel reference electrode and a Pt wire
auxiliary electrode. During measurement, the working
electrode was scanned from 0 to −2 V in 0.1 mol.L-1

phosphate buffered solution (pH 7.4) containing 0.1 mol.L-1

K2S2O8 and 0.1 mol.L-1 KNO3, and the ECL intensity (IECL)
versus applied potential (E) was recorded.

Immunoassembly on NPGL electrode and QDs labeling

The NPGL electrode was firstly electrochemically pre-
treated in 0.5 mol.L-1 H2SO4 and washed with doubly
distilled water. Then, the activated electrode was immersed
in 0.01 mol.L-1 thioglycolic acid solution overnight. After
being cleaned, the electrode was soaked in EDC (100 mg.
mL-1 in H2O) and NHS (100 mg.mL-1 in H2O) for 1 h to
activate the carboxy group on the surface of the electrode.
Next, the electrode was incubated with 100 μL of 20 μg.
mL-1 Ab1 at room temperature for 8 h and subsequently
blocked with 20 μL of 2% BSA at 37 °C for 1 h in the
constant-humidity chamber. Then, the electrode was incu-
bated in 100 μL CEA for 3 h and in 100 μL of 2 μg.mL-1

Ab2 at 37 °C for 3 h. Finally, 40 μL of 1×10−4 mol.L-1

thioglycolic acid-capped CdTe QD solution containing
50 mg.mL-1 EDC and 50 mg.mL-1 NHS was dropped on
the electrode and incubated at room temperature for 5 h.
After each incubation, the electrode was washed five times
with phosphate buffered solution (pH 7.4) and 1 mol.L-1

NaCl. The steps for immunoassembly and CdTe QDs
labeling are illustrated in Scheme 1.

Results and discussion

Characterization of the NPGL electrode and ECL behaviors
of CdTe QDs on NPGL electrode

NPGLs are large-area, crack-free, highly conductive and
ultra-thin nanoporous gold membranes, which can be easily
attached to a variety of substrates. Figure 1 displays the
scanning electron microscopy (SEM) image of 100 nm
thick NPGL with an uniform pore size distribution centered
around 20–30 nm. Figure 2a shows the cyclic voltammetry

Scheme 1 Steps for immunoas-
sembly and QDs labeling on
NPGL electrode
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of bare Au electrode (a) and NPGL electrode (b) in 0.5 mol.
L-1 H2SO4. The result indicates a 6.9-fold enhancement for
peak current on nanoporous gold leaf modified electrode
compared with the bare Au electrode, it may because the
NPGL electrode with more porous structure and larger
surface area could facilitate the diffusion of H2SO4.

The ECL of equivalent CdTe QDs on bare Au
electrode (a), and NPGL electrode (b) were detected.
The procedure of assembling CdTe QDs on to the
electrode has been illustrated in Ref. [27]. In brief, the
electrode was firstly immersed in cysteine solution. Then
the compound of EDC, NHS and CdTe QDs were
dropped onto the electrode which was then incubated in
a constant humidity chamber. During the incubation,
carboxyl group of CdTe QDs could covalently conjugate
to the amino group of cysteine. As shown in Fig. 2b, the
ECL intensity on NPGL electrode (curve b) was almost
5.5-fold higher than that obtained from the bare Au
electrode (curve a). This could be explained that the
NPGL electrode with porous structure and good conduc-
tivity can not only provide more binding sites for CdTe
QDs assembling, but also facilitate the diffusion of
K2S2O8 into the nanoporous.

Characterization of the immunoassembly and CdTe QDs
labeling on NPGL electrode

The cyclic voltammogram of Fe(CN)6
4-/3- is an effective

method to probe the surface feature of electrode and
monitor the barrier at modified electrode. When the
electron transferred from solution species into electrode
through tunnels of the barrier, it can be reflected on the
redox peak current of the cyclic voltammogram. Thus, it
was chosen as an indicator to investigate the changes of the
electrode surface during each assembly step. Figure 3a

shows the cyclic voltammograms of Fe(CN)6
4-/3- at NPGL

Au electrode with different modifiers, which records the
surface feature of the electrode during the immunoassem-
bly process. It can be seen that the peak current decreased
after each assembly step, indicating the QDs labeled
sandwich-typed immunocomplex were successfully
immobilized on the electrode step by step. Each cyclic
voltammogram was recorded after 10 cyclics to reach a
steady-state response.

Labeling CdTe QDs onto the immunocomplex at
electrode was completed by covalent bonding between the
carboxyl groups of CdTe QDs and the amine groups of
biomolecules. Here, EDC [29] was chosen as the coupling
agent with NHS as a stabilizing agent. Carboxylated CdTe
QDs were firstly activated by EDC to form a stable active
ester in the presence of NHS. Then, the active ester was
reacted with the amine groups on the antibody, forming an
amide bond between the CdTe QDs and proteins. As seen
from Fig. 3b, after the immunoassembly of 5 ng.mL-1 CEA
on the electrode, almost no ECL was observed before
labeling CdTe QDs (curve a), implying that the background
ECL signals of the system without CdTe QDs were very
low. When the electrode was incubated in CdTe QDs
without EDC and NHS, a weak ECL signal can be seen
(curve b) resulting from the nonspecific adsorption of CdTe

Fig. 1 SEM image of 100 nm thick NPGL
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Fig. 2 a Cyclic voltammograms of (a) bare Au electrode, (b) NPGL
electrode in 0.5 mol.L-1 H2SO4; b IECL-E curves of CdTe QDs labeled
(a) bare Au electrode, (b) 100 nm thick NPGL electrode in 0.1 mol.L-1

phosphate buffered solution (pH 7.4) containing 0.1 mol.L-1 KNO3

and 0.1 mol.L-1 K2S2O8. Scan rate: 50 mV.s-1
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QDs on the electrode. However, when the electrode was
incubated in CdTe QDs in the presence of EDC and NHS, a
strong ECL signal was observed in curve c, indicating the
CdTe QDs-Ab2 was successfully linked due to the addition
of EDC and NHS and meanwhile the signal from
adsorption can be negligible.

Detection of CEA

The immunoassay was carried out under the optimal
detection conditions with different concentrations of CEA.
As shown in Fig. 4a, the ECL intensity increased gradually
with the increasing concentrations of CEA. This phenom-
enon implying that the ECL of CdTe QDs labeled on the
electrode was corresponding to the concentration of CEA,
which can be utilized for CEA determination consequently.
The standard calibration curve for CEA detection is shown
in Fig. 4b. The ECL intensity increases linearly with the
increase of CEA concentrations in the range from 0.05 ng.
mL-1 to 200 ng.mL-1 with a detection limit of 0.01 ng.mL-1

(R = 0.9973). According to the linear equation (logIECL =

0.269logCAg + 2.903), CEA concentration could be
detected quantitatively.

The IECL-time curves of CdTe QDs labeled 200 ng.mL-1

CEA under continuous potential scaning from 0 to -2 V for
7 cycles is shown in Fig. 5. The coincident ECL signals are
observed high and stable, indicating the good repeatability
and stability of the ECL immunoassay for CEA at NPGL
modified electrode.
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Fig. 4 a IECL-E curves of CdTe QDs labeled immunocomplex on
NPGL electrode in 0.1 mol.L-1 phosphate buffered solution (pH 7.4)
containing 0.1 mol.L-1 KNO3 and 0.1 mol.L-1 K2S2O8. CEA
concentration (ng.mL-1): (a) 0, (b) 0.05, (c) 0.5, (d) 5, (e) 10, (f) 50,
(g) 100 and (h) 200. Scan rate: 50 mV.s-1; b Calibration curve of ECL
intensity versus CEA concentration
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Fig. 5 ECL emission of CdTe QDs labeled immunocomplex under
continuous cyclic voltammetry for 7 cycles. Scan rate: 50 mV.s-1
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Fig. 3 a Cyclic voltammograms of (a) NPGL electrode, (b)
thioglycolic acid-modified NPGL electrode, (c) Ab2-Ag-Ab1-NPGL
electrode and (d) QDs-Ab2-Ag-Ab1-NPGL electrode in 0.01 mol.L-1

Fe(CN)6
4-/3- + 0.5 mol.L-1 KCl; b IECL-E curves of (a) Ab2-Ag-Ab1-

NPGL electrode, and CdTe QDs labeled Ab2-Ag-Ab1-NPGL electrode
without (b) and with (c) EDC + NHS in 0.1 mol.L-1 phosphate
buffered solution (pH 7.4) containing 0.1 mol.L-1 KNO3 and 0.1 mol.
L-1 K2S2O8. Scan rate: 50 mV.s-1
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Conclusions

In this work, we successfully applied the new ECL emitter
quantum dots as lables for immunoassay with a new
electrode material NPGL, which can effectively amplify
the ECL intensity and thus improve the detection sensitiv-
ity. NPGL with the advantages of nanoporous structure and
high conductivity would be a promising candidate for the
development of new electrode materials. Besides, our
successful application of QDs as labels in ECL immuno-
assay may extend a promising method for protein detection
in clinical application.
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