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This work designed a novel ratiometric electrochemiluminescence (ECL) immunosensing approach based
on two different ECL emitters: CdS quantum dots (QDs) as cathodic emitter and luminol as anodic
emitter. The ECL immunosensor was constructed by a layer-by-layer modification of CdS QDs, Au na-
noparticles and capture antibody on a glassy carbon electrode. With hydrogen peroxide as ECL cor-
eactant, the immunosensor showed a cathodic ECL emission of CdS QDs at —1.5V (vs Ag/AgCl) in air-
saturated pH 8.0 buffer. Upon the formation of sandwich immunoassay, the lumiol/palladium na-
noclusters (Pd NCs)@graphene oxide probe was introduced to the electrode. Therefore, the cathodic ECL
intensity decreased and luminol anodic ECL emission was appeared at +0.3 V (vs Ag/AgCl) owing to the
competition of the coreactant of hydrogen peroxide. Using carcino-embryonic antigen as model, this
ratiometric ECL strategy could be used for immunoassay with a linear range of 1.0-100 pg mL~! and a
detection limit of 0.62 pg mL~'. The enhanced ratiometric ECL signal resulted from the high density and
excellent electrocatalysis of the loaded Pd NCs. The immunosensor exhibited good stability and accep-
table fabrication reproducibility and accuracy, showing a great promising for clinical application. This
electrocatalysis-regulated ratiometric ECL provides a new concept for ECL measurement, and could be

conveniently extended for detection of other protein biomarkers.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Electrogenerated chemiluminescence (ECL) is a new technique
of producing light on an electrode surface by applying a potential
(Deng and Ju, 2013; Shin et al., 2010), and exhibits remarkable
sensitivity and versatile detection application due to the separa-
tion between the potential as excited signal and the light as de-
tection signal. ECL technology has been extensively used in anion
sensing (Cheng et al., 2014), sequence-specific DNA detection (Cao
et al., 2006; Dennany et al., 2003; Zhang et al., 2013), cell re-
cognition (Han et al., 2014; Li et al., 2011; Liu et al., 2003) and
multiplex immunoassays (Lin et al., 2011; Liu et al,, 2010; Yoon
et al., 2003). A practical “off-on” or “on-off” sensing strategy was
commonly used in ECL biosensors via a luminescent response to
the binding of the analyte (Deng et al., 2014; Doeven et al., 2013;
Zhao et al.,, 2015). However, in most of these strategies, the ECL
signal depended on the environmental changes, such as the con-
centration of coreactant, the probe concentration, instrument and
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buffer conditions, could introduce a false positive or a negative
error during the detection of trace level analyte. Inspired by ra-
tiometric fluorescent strategy, a potential-dependent ECL ratio-
metric strategy was reasonable to make the detection more anti-
interference in complex samples.

The detection principle of conventional ratiometric fluorescent
strategy can be related to two types of processes: one is based on
the structural change of one fluorescent substance by introducing
the target analyte, leading to the different wavelength emissions
(Ding and Tian, 2014; He et al.,, 2015; Yan et al., 2015). The other is
utilized two different fluorescent substances along with fluores-
cence resonance energy transfer (FRET) to adjust their intensities
by introducing the target analyte (Hu et al., 2013; Noor and Krull,
2014). As a variation of ratiometric fluorescence, several ratio-
metric ECL assays have been proposed in biological analysis with
one variable structure ECL probe (Sun et al., 2015) or two FRET ECL
probes (Cheng et al., 2014; Zhang et al., 2013). For example, a ra-
tiometric ECL strategy was achieved by using the bimetallic Ru-Os
complex at different wavelengths around 620 nm and 730 nm
(Sun et al., 2015). A dual-potential ratiometric ECL sensing ap-
proach is designed for the detection of Mg?* via electro-
chemiluminescence resonance energy transfer (ERET) between
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Scheme 1. Schematic illustration of (A) the synthesis of lumiol/Pd NCs@GO-Ab, probe, (B) ratiometric ECL approach regulated by electrocatalysis of Pd NCs for highly

sensitive detection of CEA.

CdS quantum dots (QDs) and Cy5 molecule (Cheng et al., 2014). Xu
and coworkers developed a dual enhancement ECL approach to
detect telomerase activity from cancer cells (Zhang et al., 2014).
Furthermore, unlike fluorescence, ECL has a high specificity due to
the relationship between emitter and coreactant (Deng and Ju,
2013). Here, on the basis of the high catalytic ability of palladium
nanoclusters (Pd NCs) toward hydrogen peroxide as coreactant
(Nagaiah et al., 2013), we proposed a novel coreactant-dependent
ratiometric ECL method with luminol and CdS QDs as ECL emitters.

The luminol-hydrogen peroxide system is well-known to pro-
duce a strong anode ECL emission at a variety of experimental
condition (Cui et al., 2003, 2007). Recently, the luminol-functio-
nalized noble metal nanoparticles probe has been employed in
biosensor due to its catalytic property to accelerate electro-
chemical reaction associated with the luminol ECL process (He and
Cui, 2012; Xu et al., 2011). In this work, luminol and CdS QDs as
two different ECL emitters were integrated in one system for dual-
potential ECL measurement of carcino-embryonic antigen (CEA)
(Scheme 1). The ECL immunosensor was constructed by layer-by-
layer immobilizing CdS QDs and Au nanoparticles (NPs) on an
electrode, and then capture antibody (Ab;) was connected to Au
NPs via Au-S bond. With a sandwich immunoassay, the second
antibody (Ab,) modified luminol/Pd NCs@graphene oxide probe
was captured on the immunosensor surface to competitively
consume hydrogen peroxide as the coreactant for both luminol
and CdS, leading to a decrease of cathode ECL emission intensity of
CdS QDs at — 1.5V (Ag/AgCl) and an anodic ECL emission peak at
+0.3V (Ag/AgCl) from luminol. The proposed ratiometric im-
munoassay could detect protein with a detection limit down to
picograms/milliliter level due to high density and excellent elec-
trocatalysis of the loaded Pd NCs. Moreover, this method avoided
the need of de-oxygenation for electrochemical immunoassay and
thus provided a promising potential in clinical diagnosis, espe-
cially in point-of-care testing.

2. Materials and methods
2.1. Materials and reagents

Cadmium chloride (CdCl, - 2.5H,0) and thioglycolic acid (TGA)
were purchased from Alfa Aesar China Ltd. Na,S-9H,0 was ob-
tained from Shanghai Lingfeng Chemical Reagent Co. Ltd. Chlor-
oauric acid (HAuCl, - 4H,0) was obtained from Shanghai Reagent
Co. (Shanghai, China). Luminol, 1-ethyl-3-(3-(dimethylamino)
propyl) carbodiimide (EDC), N-hydroxysuccinimide (NHS) and
potassium tetrachloroplatinate (K,PdCl;) were purchased from
Sigma-Aldrich. Both mouse monoclonal capture (Ab;) and signal
(Ab,) anti-CEA antibodies (cloneno.27D6 and 28E4) were pur-
chased from Shuangliu Zhenglong Biochem. Lab (Chengdu, China).
CEA standard solutions were purchased from CEAELISA kit, which
was supplied by Fujirebio Diagnostics AB (Goteborg, Sweden).
Phosphate-buffered salines (PBS, 0.02 M) of various pHs were
prepared by mixing the stock solutions of NaH,PO,4 and Na,HPO,.
The washing buffer was PBS (0.02 M, pH 7.4) containing 0.05% (w/
v) Tween-20 (PBST). The clinical serum samples were from Jiangsu
Institute of Cancer Prevention and Cure. Phosphate buffer solution
(0.1 M, pH 8.0) containing 0.1 M KNO3 was used throughout the
ECL detection. Ultrapure water obtained from a Millipore water
purification system (=18 ML, Milli-Q, Millipore) was used
throughout the work. All other reagents were of analytical grade
and used as received.

2.2. Apparatus

The ECL measurements were carried out on a MPI-E multi-
functional electrochemical and chemiluminescent analytical sys-
tem (Xi'an, China) at room temperature with the modified glassy
carbon electrode (GCE, 5 mm in diameter, China) as working, a
platinum wire as counter and a Ag/AgCl (saturated KCl) as re-
ference electrodes. The emission window was placed in front of
the photomultiplier tube biased at 1000 V. Photoluminescence
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Fig. 1. XPS spectra for (A) Pd 3d, and (B) N 1s of the lumiol/Pd NCs@GO (the red dotted line is the measured spectrum; the black solid curve is the superposition of
deconvoluted component spectrum). (C) TEM image of luminol/Pd NCs@GO, (D) UV-vis spectrum of luminol (a) and photoluminescence spectrum of CdS QDs (b).

(PL) spectra were obtained on a RF-5301 PC fluorometer (Shi-
madzu Co., Japan). UV —vis absorption spectra were obtained with
a UV-3600 UV —vis—NIR spectrophotometer (Shimadzu Co., Kyo-
to, Japan). Transmission electron microscopic (TEM) images were
obtained on JEM-2100 (Japan). X-ray photoelectron spectroscopy
(XPS) measurements were performed using a PHIS000 Versa
Probe spectrometer (ULVAC-PHI, Japan).

2.3. Preparation of QDs

CdS QDs were synthesized according to the previous report
(Zhao et al., 2012). Typically, 250 pL of thioglycolic acid was in-
jected into 50 mL of 0.01 M CdCl, (aq), and highly pure N, was
bubbled for 30 min. After being adjusted to pH 11 with 1.0 M
NaOH, 5.0 mL of 0.1 M Na,S (aq) was injected. The resulting mix-
ture solution was subsequently heated to 110 °C and refluxed for
4 h to obtain TGA-capped water-soluble CdS QDs. Finally, the as-
prepared QDs solution was diluted with the same volume of water
and kept in a refrigerator at 4 °C. Before usage, this QDs solution
was sedimentated with isopropyl alcohol and collected by cen-
trifugation. The colloidal precipitate was dissolved with an
equivalent amount of deionized water for subsequent
experiments.

2.4. Preparation of luminol/Pd NCs@GO-Ab, composite

All glassware used in the following procedures was cleaned in a
bath of freshly prepared HNO3/HCl (3:1, v/v), rinsed thoroughly in
redistilled water, and dried prior to use. A 4 ml of 0.25 mg mL™!
GO aqueous solution was mixed with 200 pL of 1.0 mM K,PdCls/
luminol (1:1) and cooled to 0 °C with an ice bath. With stirring
vigorously, 1.0 mg NaBH, was added rapidly. When the solution
was maintained at 0 °C for 1 h, a color change from light yellow to

light brown was observed. The solution was kept stirring vigor-
ously until the solution turned into dark brown. The solution was
centrifuged to remove the unreacted substance and the precipitate
was further purified with ultrapure water 3 times. The precipitates
were then resuspended in aqueous solution and stored at 4 °C.

Luminol/Pd NCs-GO was firstly activated in 0.01 M PBS buffer
(pH 5.3) containing 10 mM EDC and 20 mM NHS for 1 h at room
temperature. After this activated electrode was rinsed with PBS,
9 pL of 1.3 mgmL~! anti-CEA antibody (Ab,) was added to the
solution, followed by incubating at 4 °C overnight. Afterwards, the
excess of antibody was removed by centrifugation (12,000 rpm,
30 min at 4 °C) and redispersed in 10 mM PBS containing 0.1 M
KCl. The obtained composite was redispersed in 2 mL of 0.01 M pH
7.4 PBS containing 0.1 M KCl and stored at 4 °C.

2.5. Preparation of ECL immunosensor

A GCE with 5 mm diameter was polished to a mirror using 1.0,
0.3, and 0.05 pm alumina slurry (Beuhler) followed by rinsing
thoroughly with deionized water. After successive sonication in
1:1 nitric acid, acetone and deionized water, the electrode was
rinsed with water and allowed to dry at room temperature. Then,
20 pL of 10 uM TGA-CdS QDs was dropped on the GCE and dried
in air. Three microliter of 0.05% chitosan solution was coated on
the film. After activating the chitosan film with 5 pL of Au colloidal
solution at room temperature for 4 h, 5 pL of 0.1 mg mL~" anti-
CEA antibody (Ab;) was coated on the electrode by an overnight
incubation at 4 °C. Subsequently, the resulting electrode was wa-
shed three times with PBST and PBS to remove the physically ab-
sorbed Ab; and blocked with 10 pL of 5% BSA solution for 1 h at
room temperature to obtain the ECL immunosensor.
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3. Results and discussion

3.1. Characterization luminol/Pd NCs@GO

XPS was employed to analyze the chemical composition and
status of the luminol/Pd NCs@GO (Fig. 1A). The binding energy of
335.0 eV (Pd 3ds;) and 340.1 eV (Pd 3ds;), which corresponds to
the metallic Pd (0) state, demonstrates the presence of metallic Pd
in as-prepared luminol/Pd NCs@GO. Meanwhile, the binding en-
ergy of 337.0 eV (Pd 3ds);) and 341.8 eV (Pd 3d3/,) corresponds to
the oxidation Pd species, which might be responsible for the in-
complete reduction of the Pd species. Furthermore, through
Gauss-Lorentzian curve fitting, we deconvoluted the N 1s spec-
trum of luminol/Pd NCs@GO with two peak at 398.8 eV and
399.7 eV (Fig. 1B), corresponding to the response of nitrogen
atoms in the amine group (-NH,) and amide group (-NH-CO-),
respectively (Cui et al., 2007). TEM image was also employed to
characterize the synthesis of luminol/Pd NCs@GO. As shown in
Fig. 1C, the GO exhibited a few layered, which could provide three
dimensional matrixes to enhance the loading of Pd NCs and fa-
cilitate electron transfer between Pd NCs and the adsorbed H,0,
(Zhang et al., 2005). Besides, Pd NCs were homogeneously deco-
rated on the surface of GO with a diameter of ~1.0 nm (Fig. 1C,
inset), leading to a high heterogeneous catalytic rate. Fig. 1D
showed the UV-vis absorption spectrum of luminol (curve a) and
fluorescence spectrum of CdS QDs (curve b) used in this experi-
ment. The luminol exhibited two main UV-vis absorption peaks at
310 nm and 360 nm, which were attributed to aromatic amine
groups. The CdS QDs has a sharp fluorescence emission at 592 nm
resulted from the band-gap emission of the core (Jie et al., 2007).
Obviously, there is no spectral overlap, indicating no FRET between
luminol and CdS QDs.

3.2. Feasibility of the biosensor

ECL-potential responses were investigated at the stepwise
steps to confirm the feasibility of the method in Fig. 2A. As control,
the CdS QDs/Au NPs/Ab,; modified GCE without CEA showed a
cathodic ECL emission at —1.5V (vs Ag/AgCl) in air-saturated
0.1 M pH 8.0 PBS buffer with 3.0 mM H,0, (curve a). After in-
cubation of CEA and the probe, the biosensor exhibited a
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significant 70.1% decrease in the cathode ECL intensity, and a new
anode ECL peak of luminol appeared at around +0.30 V (curve c),
resulting a potential-dependent ratiometric ECL approach. How-
ever, when using GO/luminol-Ab, as signal tracer (curve b), the
cathode ECL intensity only decreased 32.7%, and the anodic ECL
intensity increased 45.9% than that of using luminol/Pd NCs@GO-
Ab, as the probe, indicating the Pd NCs on the GO greatly en-
hanced sensitivity of the biosensor.

In air-saturated pH 8.0 PBS buffer containing 0.1 M KNO3 and
3.0 mM H,0,, the luminol/Pd NCs@GO modified electrode showed
two cathodic peaks at —0.30 V and —0.9 V (Fig. 2B, curve a). After
bubbling with N, luminol/Pd NCs@GO modified electrode still
remains a peak current at —0.3 V with peak current of 25.3 pA
(Fig. 2B, curve c¢), indicating the strong electrocatalytic reduction of
luminol/Pd NCs@GO toward H,0, as cathodic coreactant, leading
to the decrease of cathodic ECL emission of CdS QDs. However,
without Pd NCs, luminol@GO modified electrode showed a
cathodic peak at —0.9 V with peak currents of 33.9 pA (Fig. 2B,
curves b and d), which corresponds to the electrocatalytic reduc-
tion of luminol@GO toward O,. Moreover, compared curve ¢ with
curve d, the oxidation peak of luminol starting from 0V was sig-
nificantly increased by introducing the Pd NCs to the surface of the
electrode, implying that Pd NCs can enhance the anodic ECL
emission of luminol.

3.3. Optimization of conditions for ECL detection

To achieve excellent performance in the ECL assay of CEA,
several experiment parameters such as the pH of detection solu-
tion, the concentration of the coreactant H,O,, the incubation time
and the amount of probe were optimized in Fig. 3. The ECL in-
tensity increased with the increasing of the pH value of detection
solution because the electrogenerated intermediates of H,0, as
the coreactant were more stable at high pH (Fig. 3A). Taking into
account the bioactivity of immunoreagents, 0.1 M pH 8.0 PBS
buffer was used through the following experiments. On the other
hand, the dependence of ECL intensity on the concentration of
H,0, in the detection buffer was investigated in Fig. 3B. When
3.0 mM H,0, was added, the ECL intensity reached the platform.
With the further increasing of coreactant H,0,, ECL intensity was
increased slightly due to the saturated radical on the surface of the
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Fig. 2. (A) ECL spectra of CdS QDs/Au NPs/Ab; modified GCE in the absence of CEA with lumiol/Pd NCs@GO-Ab; (a), and presence of CEA with lumiol @GO-Ab, (b) and
lumiol/Pd NCs@GO-Ab, (c) in air-saturated pH 8.0 PBS buffer containing 0.1 M KNO3 and 3.0 mM H,0,. (B) CVs of luminol/Pd NCs@GO (a and c), luminol@GO (b and d)
modified GCE in air- (a and b) and N,- (c and d) saturated pH 8.0 PBS buffer containing 0.1 M KNO5 and 3.0 mM H,0,.
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Fig. 3. Effects of (A) pH of detection solution, (B) concentration of H,0, in the detection solution, (C) incubation time of lumiol/Pd NCs@GO-Ab, probe, and (D) concentration
of lumiol/Pd NCs@GO-Ab, on ECL response of the immunosensor. When changing a parameter, the others are setting at their optimal conditions.

electrode. Therefore, 3.0 mM was favorable for this system as the
optimal concentration.

Meanwhile, incubation time of immunization also affected the
performance of this biosensor. As shown in Fig. 3C, the desirable
ECL intensity change was obtained at 30 min in the presence of
10 pg mL~! CEA. To efficiently facilitate ECL detection, 30 min was
selected as the optimal reaction time. In addition, since luminol
was employed as an ECL emitter, the concentration of the probe
dramatically influenced the detection sensitivity of the proposed
biosensor. As displayed in Fig. 3D, with an increasing concentra-
tion of probe, the ECL intensity of CdS gradually declined while the
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intensity of luminol increased. When the probe concentration was
100 ng mL~!, the ratio of ECL intensity is large enough for the
detection. Although the ratio increases with the increased con-
centration, the cathode ECL emission intensity is too small, leading
to an increase of systemic error. Thus, 100 ng mL~"! of the probe
was employed for the next experiments.

3.4. Analytical performance

Under the optimal conditions, the ratio ECL intensity of the
immunosensor increased with the increasing concentration of CEA
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Fig. 4. (A) ECL response of the immunosensor in the detection of 0.5, 1.0, 3.0, 10, 20, 50, 100 and 500 pg mL~! (from a to h) CEA in air-saturated pH 8.0 PBS buffer containing
0.1 M KNO3 and 3.0 mM H,0,. Scan rate: 0.1 Vs~ ', (B) Linear calibration between CEA concentration and the peak intensity ratio of anode to cathode ECL.
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as a model analyte in the incubation solution (Fig. 4). The cali-
bration plot showed a good linear relationship between the ratio
of ECL intensity and the logarithm of the value of CEA con-
centration in the range from 1.0 pg mL~! to 100 pg mL~! with a
correlation coefficient of 0.995. The limit of detection at a signal-
to-noise ratio of 3 was 0.62 pg mL~', which is much lower than
other ECL immunoassays (Cheng et al.,, 2012; Chen et al., 2013,
2014), and is comparable to 0.3 pg mL~! of self-enhanced ECL
immunosensor based on Pd nanowires (Wang et al., 2015). Also,
this immunoassay method avoided the need of deoxygenation for
ECL immunoassay, providing a good practicability.

3.5. Reproducibility and precision of immunosensor

The proposed biosensor showed stable ECL signal upon con-
secutive potential scans, indicating the feasibility for ECL detec-
tion. Both the intraassay and interassay precisions of the ECL im-
munosensor were examined five times in air-saturated pH 8.0 PBS
buffer containing 0.1 M KNO3 and 3.0 mM H,0, at the presence of
10.0 pg mL~! CEA. The relative standard deviations (RSD) were
2.5% and 5.6%, respectively, showing the good precision and ac-
ceptable fabrication reproducibility. Ten measurements of ECL
emission upon continuous cyclic scans of the ECL immunosensor
for 10.0 pg mL~! CEA showed coincident signal with RSD of 0.74%
(Fig. 5A), indicating acceptable reliability and stability of the de-
tection signal. In addition, the sensor demonstrated the good se-
lectivity against o-fetoprotein (AFP) (Fig. 5B). When the sensor
was not in use, it was stored in air condition at room temperature
and measured in pH 8.0 PBS buffer containing 0.1 M KNO3 every
few days. No obvious change in the ECL intensity was observed
after storage for 4 weeks.

3.6. Application in detection of serum tumor marker

The analytical reliability and application potential of the pro-
posed method was evaluated by comparing the assay results of
clinical serum samples using the proposed ECL immunosensor.
When the level of serum tumor marker was over the calibration
range, serum samples were appropriately diluted with 0.02 M pH

7.4 PBS prior to assay. The CEA concentration in the samples was
calculated to be 421 +04pgmL~! and 103 +0.2 pgmL~! by
standard addition method, which is consistent with the reference
ECL analyzer (Elecsys 2010, Roche). When spiking with 10 and
50 pg mL~' CEA standard solution, the average recoveries for
three determinations were ranging from 95.0% + 5.9% and 102.0%
+ 9.6%, indicating the acceptable accuracy of the proposed method
for the detection of CEA in clinical samples.

4. Conclusions

A novel sensitive dual-potential ECL ratiometric sensing strat-
egy regulated by the electrocatalysis of highly-loaded Pd NCs@GO
composite was constructed with CdS QDs and luminol as emitters.
The probe was prepared by in-situ reduction of K,PdCly and lu-
minol on graphene oxide with high simplicity and sensitivity. The
probe not only highly loaded the Pd NCs and luminol to enhance
the anode ECL of luminol but also competitively consumed the
H,0, coreactant to decline the cathode ECL of CdS QDs. Thus, the
ratio ECL intensity between luminol and CdS QDs can be sig-
nificantly enhanced at the proposed immunosensor via electro-
catalysis of coreactant H,0,. On the construction of sandwich
immunization, the ratio of anode to cathode ECL peak intensity
has wide linear relationship with the concentrations of CEA. This
method showed the low detection limit, excellent stability, good
precision, acceptable reproducibility and reliability, providing an
optional method for clinical diagnosis.
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