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a b s t r a c t

To promote the luminous efficiency of luminophore, traditional electrochemiluminescence (ECL)
immunoassay usually adopts the adding of coreactant into testing solution. However, many adverse
micro-environmental factors in the solution are a limiting factor in ECL analytical techniques and
received extensive attention. In our work, a self-enhanced ECL luminophore was synthesized by
combining the coreactant (L-cysteine) and the luminophor (tris (4,40-dicarboxylicacid-2,20-bipyridyl)
ruthenium(II) dichloride (Ru(dcbpy)3 2þ)) to form one Ru(II) complex and was applied to fabricate a
reagentless immunosensor for the detection of cardiac troponin I (cTnI) for the first time. Herein gold
nanorods (AuNRs), due to their high specific surface area and good electrocatalytic ability, were used as
carriers for the immobilization of Ru(II) complex and cTnI antibody to obtain the Ab2 bioconjugates as
signal labels. The application of the self-enhanced Ru(II) complex not only avoided the addition of any
coreactant into testing solution for simplifying the operation, but also achieved the intramolecular
reaction for improving the ECL signal due to shorter electron transfer path and less energy loss. In view
of these advantages, the proposed immunosensor achieved a wide linear range from 0.25 pg/mL to
0.1 ng/mL with an impressive detection limit of 0.083 pg/mL for cTnI (S/N¼3).

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

Recent years, acute myocardial infarction (AMI) has been listed
as the leading cause of morbidity and mortality among cardiovas-
cular diseases [1]. It is reported cardiac troponin I (cTnI) has been
recognized as the gold standard cardiac biomarkers in the detec-
tion of AMI, because of its superior cardiac specificity and
selectivity [2,3]. Therefore, highly efficient and reliable analytical
techniques are necessary for measuring cTnI present at ultralow
levels during early stages of disease progress. Up to date, the
detection of cTnI mainly relied on sandwich-type immuno-
assay based on labeling technology with various inspection
methods such as enzyme-linked immunoassay (ELISA) [4],
optomagnetic biosensor [5], electrochemical immunoassay [6].
However, improvements are still required, as these methods
remain some defects including cumbersome, time-consuming,
and harmful to the environment. Electrochemiluminescence (ECL)
immunosensors are of great interest because of their high sensi-
tivity, low back ground and wide dynamic range.

One of the most extensively studied ECL luminophore is
Ruthenium(II) tris(2,20-bipyridyl) (Ru(bpy)32þ) or its derivatives,
for the reason that Ru(bpy)32þ has high quantum yields and long
excited state lifetimes as well as strong luminescence [7]. Cur-
rently, to improve the ECL intensity of Ru(bpy)32þ , a variety of
research has been focused on exploring effective co-reactants,
such as peroxydisulfate [8], oxalat [9], or tripropylamine (TPA)
[10]. However, many micro-environmental factors in testing solu-
tion, such as viscosity, temperature, surfactant, ion strength and
pH would affect the Ru(bpy)32þ ECL in solution phase [11]. To
resolve these problems, the reagentless ECL sensor has been
constructed by immobilizing the coreactant and the luminophore
onto an electrode surface. This kind of reagentless ECL sensor can
avoid external addition of reagents in analytical procedure and is a
comfortable way to overcome the limitation of reagent consumed
[12]. In our previous work, we also have constructed a reagentless
ECL immunosensor by immobilizing the coreactant of poly-L-lysine
to enhance the ECL of Ru(bpy)32þ for signal amplification [13].
Although the luminous intensity of the Ru(bpy)32þ is indeed
enhanced, it suffers from the problems of operational complexity.
Recently Swanick et al. have designed self-enhanced electroche-
miluminescence of an Iridium(III) complex, which leaded to an
avenue for greatly simplifying ECL detection protocols with inte-
grated co-reactant and luminophore in a single molecule, and
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drastically enhancing detection sensitivity [14], but never was
applied in the sensor technologies.

Several reports have pointed out many kinds of amine com-
pounds that could act as the co-reactant to significantly enhance
the ECL of Ru(bpy)32þ [15]. The linear L-cysteine (L-Cys) has a
backbone of two methylene followed by one amino group and one
carboxy group. This gives L-Cys the attribute of serving as an
proper co-reactant and linking reagent of Ru(dcbpy)32þ . In our
work, we synthesized the self-enhanced ECL of a novel Ru(II)
complex by connecting the co-reactant of L-Cys to luminophor of
tris (4,40-dicarboxylicacid-2,20-bipyridyl) ruthenium(II) dichloride
(Ru(dcbpy)32þ). It was found the ECL efficiency is significantly
enhanced, since the intramolecular ECL reaction could be more
efficient as compared with the intermolecular reaction due to the
shorter electron transfer path and less energy loss.

With the advent of nanotechnology, gold nanosystems have
received widespread interest in their use in biotechnological
systems for diagnostic application and biological imaging owing
to their unique optical properties, bioconjugation and potential
non-cytotoxicity [16]. Gold nanorods (AuNRs), which are elon-
gated nanoparticles, can provide several advantages over spherical
gold nanoparticles for localized surface plasmon resonance (LSPR)
sensing because of their distinct optical properties [17] and larger
specific surface area [18]. These unique properties have been
widely applied in the field of chemical and biochemical sensing.

Inspired by those perspectives, we presented a reagentless ECL
immunosensor based on a novel Ru(II) complex as ECL labels in this
work. The sensing interface was achieved by assembling cTnI anti-
body (anti-cTnI) on the gold nanodendrites (GNDs) modified elec-
trode. A sandwich immunoassay format was employed to detect cTnI
with the bionanorods as tracer, which were prepared based on the
coimmobilization of L-Cys@Ru(dcbpy)32þ molecular compounds and
anti-cTnI (Ab2) on AuNRs via Au–N or Au–S bond (Ab2/AuNRs/
L-Cys@Ru(dcbpy)32þ). This strategy avoided the addition of the co-
reactant in testing solution and significantly simplified the immu-
noassay procedure, shortened the analytical time, drastically
enhanced the ECL of Ru(dcbpy)32þ and thus provided a new
promising platform for clinical immunoassay.

2. Experimental

2.1. Reagent

Tris (4,40-dicarboxylicacid-2,20-bipyridyl) ruthenium(II) dichloride
(Ru(dcbpy)32þ) was purchased from Suna Tech Inc (Shangdong,
China). L-cysteine, L-ascorbic acid (AA), cetyltrimethylammonium
bromide (CTAB), AgNO3, NaBH4 were obtained from Chengdu kelong
chemical Industry (Chengdu, China). Gold chloride (HAuCl4 �4H2O)
and BSA (96–99%) were received from Shanghai fine chemical
materials institute (Shanghai, China). cTnI from human myocardium
muscle, murine monoclonal antibody against cTnI (anti-cTnI) were
obtained from Shanghai huayi Industry (Purity greater than 95%)
(Shanghai, China). Phosphate buffer solutions (PBS) with pH 7.4 was
prepared by mixing standard stock solutions of 0.1 M K2HPO4, 0.1 M
NaH2PO4, and 0.1 M KCl and adjusting the pHwith 0.1 MHCl or NaOH,
then diluting with double distilled water. All chemicals were of
analytical grade and used without further purification. All solutions
were prepared with double distilled water and stored in the refrig-
erator (4 1C).

2.2. Apparatus

The ECL emission was monitored by a model MPI-A electro-
chemiluminescence analyzer (Xi’An Remax Electronic Science
&Technology Co. Ltd., Xi An, China). Cyclic voltammetric (CV)

measurements were carried out with a CHI 610A electrochemistry
workstation (Shanghai CH Instruments, China). A three-electrode
electrochemical cell was composed of a modified glass carbon
electrode (GCE, Φ¼4 mm) as the working electrode, a platinum
wire as the auxiliary electrode, and a saturated calomel electrode
(SCE) as the reference electrode. The morphologies of different
nanomaterials were characterized by transmission electron micro-
scopy (TEM) (H600, Hitachi, Japan) or scanning electronmicro-
scopy (SEM, S-4800, Hitachi, Tokyo, Japan) at an acceleration
voltage of 20 kV. The UV–vis absorption spectra were recorded
on a UV-2550 spectrophotometer (Shimadzu, Japan).

2.3. Preparation of AuNRs

The gold nanorods (AuNRs) were prepared via the seeded-
growth mechanism as previously described with slight modifica-
tions [19]. Briefly, the seed solution was prepared by mixing 5 mL
of CTAB (0.2 M) and 0.5 mL of HAuCl4 (5 mM) in a vial. Then,
0.6 mL of freshly prepared 10 mM ice-cold NaBH4 was quickly
added. The color of the solution changed from dark yellow to
brownish yellow under vigorous stirring. After 2 h, this seed
solution was used for the synthesis of AuNRs.

For the synthesis of AuNRs, 40 mL of 0.2 M CTAB solution
mixed with 5 mL of 10 mM HAuCl4 was added to 0.25 mL of
10 mM silver nitrate aqueous solution. After gentle stirring of the
solution, 0.27 mL AA (100 mM) was added to this system. 0.42 mL
of the seed solution was added to the growth solution to initiate
the growth of AuNRs, and then the solution was kept constant at
30 1C for 24 h. Finally, the prepared AuNRs were centrifuged for
25 min at 8000 rpm (RCF: 4448g) at least three times and
dispersed in 4 mL double distilled water. Scheme 1 (A) showed
the production process of AuNRs.

2.4. Preparation of self-enhanced L-Cys@Ru(dcbpy)3
2þ molecular

compounds

The overall process involved in fabricating the L-Cys@Ru
(dcbpy)32þ compounds was shown schematically in Fig. 1. Briefly,
97 mg L-Cys was dispersed in 4 mL acetic acid (1%) to obtain a
homogeneous suspension by continuous ultrasonication. Mean-
while, 4.5 mg Ru(dcbpy)32þ was dissolved in 1 mL PBS (pH 7.4)
containing 400 mg EDC and 100 mg NHS with vigorous agitation
for 8 h at room temperature, to active the carboxyl of Ru
(dcbpy)32þ . Then 1 mL of 20 mM L-Cys was add into the solution
and stirring for 12 h was needed, to generate the peptid bond
between the NH2 groups of L-cysteine and the COOH groups of Ru
(dcbpy)32þ . At last, the unreacted L-Cys and Ru(dcbpy)32þ were
purified by dialysis (with a molecular weight cutoff of 8500) in
distilled water for one day, the novel Ru(II) derivative (L-Cys@Ru
(dcbpy)32þ) was obtained.

2.5. Preparation of Ab2/AuNRs/L-Cys@Ru(dcbpy)3
2þ probe

(Ab2 bioconjugates)

1 mL of the L-Cys@Ru(dcbpy)32þ molecular compounds and
100 mL anti-cTnI solutions were added simultaneously into 1 mL
prepared AuNRs and stirred at 4 1C for 8 h via Au–N or Au–S
linking between AuNRs, anti-cTnI and Ru(II) derivative. Subse-
quently 200 mL bovine serum albumin (BSA, w/w, 1%) was imple-
mented to block the unmodified portion of the AuNRs surface with
the reaction time of 40 min. The final solution was centrifuged for
15 min at 8000 rpm (RCF: 4448g), the upper solution was removed
and the lower products washed three times with doubly distilled
water. The collected lower sediment was dispersed in 1.0 mL PBS
solution (pH 7.4) to obtain Ab2/AuNRs/L-Cys@Ru(dcbpy)32þ probe
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(Ab2 bioconjugates). Scheme 1 (B) showed the diagram of pre-
paration of Ab2 bioconjugates.

2.6. Measurement procedure

The measurement was based on a sandwich immunoassay
method. Before measurement, the immunosensor was incubated
with different cTnI standard solutions at 37 1C for 30 min. Next,
the modified electrode was incubated in Ab2 bioconjugates for
30 min at 37 1C. Finally, the resultant immunosensor was investi-
gated with a MPI-A electrochemiluminescence analyzer in 3 mL
0.1 M PBS (pH 7.4) at room temperature. The voltage of the photo-
multiplier tube (PMT) was set at 800 V and the applied potential
was 0.2–1.25 V (vs. Ag/AgCl) with a scan rate of 100 mV/s in the
process of detection. With the increasing cTnI antigen concentra-
tion, the amount of Ab2/AuNRs/L-Cys@Ru(dcbpy)32þ increased,

which implied that the ECL signals of Ru(dcbpy)32þ enhanced.
Therefore, the changes of ECL intensity directly reflected the
concentration changes of cTnI.

2.7. Fabrication of the electrochemiluminescence immunosensor

To obtain a mirror like surface, the GCE was first polished,
respectively with 0.3, 0.05 mm alumina powder, followed by
washing thoroughly with distilled water and successively sonicat-
ing in ethanol, distilled water, respectively. Before modification,
the GCE was dried with nitrogen at room temperature.

After that, the GCE was immersed in 2.5 mM HAuCl4 containing
0.5 M H2SO4 and 150 mM ethylenediamine aqueous solution for
electrochemical deposition under constant potential of 0.0 V for
600 s to construct the gold nanodendrites layer (GNDs) on the
electrode surface [20]. Then 15 μL of anti-cTnI (Ab1) was dropped

Fig. 1. A schematic diagram of the procedure used to prepare L-Cys@Ru(dcbpy)32þ molecular compounds.

Scheme 1. The schematic diagrams of the immunosensor and signal amplification mechanism. The insert of (A) shown the diagram of preparation of AuNRs, (B) revealed the
stepwise of Ab2/AuNRs/L-Cys@Ru(dcbpy)3 2þ probe (Ab2 bioconjugates) fabrication, (C) shown the comparative ECL signals with self-enhanced L-Cys@Ru(II) compounds and
with Ru(II) alone, then (I) and (II) displayed the TEM image of AuNRs and SEM image of the GNDs, respectively.
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onto the surface of the GNDs with 8 h incubation at 4 1C. The
immunosensor was washed with double distilled water to remove
the physical adsorbed Ab1 and then 15 μL of 5% BSA solutions was
placed onto the electrode for 30 min at room temperature to block
the non-specific binding sites, followed by washing with double
distilled water. Ultimately, the obtained immuneosensor was
stored at 4 1C when not in use. The process for the fabrication of
the immunosensor was shown in Scheme 1.

3. Results and discussion

3.1. Characteristics of the different nanomaterials

The size and morphologies of the synthesized nanocomposites
were characterized by Transmission electronmicroscopy (TEM).
The TEM of the morphology of AuNRs was shown in Fig. 2a. AuNRs
exhibits a typical tubulous structure and highly dispersed. The size
of the nanorod was mostly 30 nm in length and 9 nm in diameter,
and then the aspectratio was about 3.3. To examine the uniformity
of AuNRs, the UV absorption spectroscopy could be used for the
characterization of whole dispersion. The UV–vis spectrum of the
as-prepared AuNRs exhibited two distinct plasmon absorption
bands centered at 476 and 727 nm (Fig. 2b), which were assigned
to the transverse and longitudinal plasmon resonance absorption
(PRA) of the AuNRs, indicated that AuNRs were prepared success-
fully [21]. Fig. 2c showed the SEM images of the GNDs straight-
forwardly electrodeposited on the GCE, which demonstrated that the
GNDs exhibited well-defined dendritic structures, the insert of Fig. 2c
showed a partially enlarged SEM image of the nanocomposites.

3.2. The stability of the L-Cys@Ru(II) compounds

To examine the stability of L-Cys@Ru(II) complex, the UV
absorption spectroscopy was utilized. The Ru(dcbpy)32þ exhibited
two distinct plasmon absorption bands centered at 299 nm and

465 nm (Fig. 3). The absorption spectrum of the L-Cys@Ru(II)
compounds red-shifted to 335 nm and 510 nm, due to the gen-
eration of peptid bond between the NH2 groups of L-cysteine
and the COOH groups of Ru(dcbpy)32þ [22]. The UV–vis spectrum
of carboxyl group in the L-cys exhibited one distinct plasmon
absorption bands centered at 212 nm [23], however the L-Cys@Ru
(II) complex did not have the absorption band in around 200 nm,
which could prove the conjugation of carboxyl group. Those
changes proved that the L-Cys@Ru(II) complex was successfully
prepared.

3.3. Possible luminescence mechanism of L-Cys@Ru(II) compounds

Fig. 4 shown ECL (Fig. 4A, red line) and electrochemical
responses (Fig. 4A, green line) obtained for Ru(II) compounds
modified GCE in air-saturated PBS (pH 7.4). First, the ECL signs
were not present when the potential was scanned anodically from

Fig. 2. (A) A TEM micrograph of AuNRs. (B) Absorption spectra of the colloidal AuNRs. (C) Showed a partially enlarged SEM image of the GNDs.

Fig. 3. UV–vis absorption spectrum of L-Cys (green line), L-Cys@Ru(II) complex (red
line), and Ru(II) (blue line). (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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þ0.2 V to þ1.0 V. Until the potential reached higher than 1.0 V,
where L-Cys@Ru(II) compounds could be oxidized to L-Cys@Ru(III)
compounds, a significant ECL emission was observed (with the
peak intensity of 2633 a.u., Fig. 4B, red curve), indicating that the
ECL was from L-Cys@Ru(II)n compounds light emission. Compared
with the ECL of L-Cys@Ru(II), the Ru(dcbpy)32þ modified GCE
shows less ECL peak intensity (337 a.u.) when it scaned in air-
saturated PBS (pH 7.4) containing L-Cys as a coreactant (Fig. 4B,
blue curve). The green curve in Fig. 4B displays the ECL of Ru
(dcbpy)32þ modified GCE in air-saturated PBS without L-Cys as a
coreactant. Only peak intensity of 132 a.u. was obtained, which
could demonstrate L-Cys would enhance the ECL of Ru(dcbpy)32þ .
Besides, no ECL peak can be observed on the bare GCE in the PBS
containing L-Cys (pink curve, Fig. 4B), due to the lack of lumino-
phor in the system. It can be found the maximum intensity and the
lowest luminous potential was obtained by the self-enhanced
L-Cys@Ru(II) compounds.

We supposed the ECL mechanism of the self-enhanced
L-Cys@Ru(II) system based on the prevailing amine oxidation
mechanism [24], as the following equations

L�Csy�RuðIIÞ2e�-L�Csy U þ �RuðIIIÞ ð1Þ

L�Csy U þ �RuðIIIÞ-L�Csy U �RuðIIIÞþHþ ð2Þ

(3)

L�Csy�RuðIIÞn-L�Csy�RuðIIÞþhv ð4Þ

3.4. The electrochemical characterization of the proposed
immunosensor

To characterize the fabrication process of ECL immunosensor,
the cyclic voltammetric (CV) was used as an effective method to
confirm the change of the sensing interface in the presence of a
K3[Fe(CN)6]/K4[Fe(CN)6] (1:1) mixture as redox marker. As shown
in Fig. 5, when the GNDs was electrodeposited on the electrode
surface, the redox peak currents were significantly higher (curve
b) than that of a bare GCE (curve a), which was attributed to the
GNDs could promote the electron transfer. Then, the electrode was
modified with anti-cTnI, the peak currents were decreased (curve
c). The reason may be that the antibody biomacromolecules acted
as a nonconductor obstructing the electron transfer toward elec-
trode surface. After the resultant electrode was blocked with BSA

(curve d) and incubated with cTnI antigen (curve e), the CV
responses declined in succession for the hindrance of BSA.

3.5. Optimization of incubation time for Ab2 bioconjugates

The incubation time of Ab2 is the important factor to form a
compact and stable sandwich-type immunosensor. Ab2 bioconju-
gates (Ab2/AuNRs/L-Cys@Ru(dcbpy)32þ) is a complex mixture,
containing chemiluminescence reagent and co-reactant. So the
specificity binding of antigen and antibody is important to the
stability of ECL intensity and the detection of antigen. As shown in
Fig. 6, with increasing incubation time, the ECL intensity increased
gradually, and then it began to stabilize after 60 min. The experi-
ment results showed that in 70 min it could form a compact
and stable immuno-complex, and enhance the ECL signal most
effectively. Thus, 70 min were adopted as the optimal incubation
time for subsequent study.

3.6. The ECL characterization of the amplified strategy

In order to confirm the amplification effect of AuNRs and L-Cys,
three kinds of Ab2 functionalized probes were prepared and
the results are shown in Fig. 7 (the green line showed the ECL of
BSA/anti-cTnI/GNDs/GCE, the red line showed the ECL of the
immunosensor which was incubated with 0.005 ng/mL cTnI and
different Ab2 functionalized probes solution). The Ab2 functiona-
lized probes are: (a) Ab2/AuNRs/Ru(dcbpy)32þ , (b) Ab2/nano-Au/

Fig. 4. (A) Cyclic voltammograms (green line) and its corresponding ECL curves (red line) of L-Cys@Ru(II) compounds modified GCE in air-saturated PBS (pH 7.4) with the
potential scan of þ0.2 and þ1.25 V. (B) ECL curves of L-Cys@Ru(II)/GCE (red) in PBS (pH 7.4); Ru(dcbpy)3 2þ/GCE with (blue) and without (green) PEI in PBS (pH 7.4). The pink
curve shows the bare GCE in the PBS containing PEI. Scan rate: 100 mV/s. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)

Fig. 5. CVs of different modified electrodes at pH 7.4 PBS containing 5.0 mM K3[Fe
(CN)6]/K4[Fe(CN)6] (1:1) as redox probe: (a) bare GCE, (b) GNDs/GCE, (c) anti-cTnI/
GNDs/GCE, (d) BSA/anti-cTnI/GNDs/GCE, (e) cTnI/BSA/anti-cTnI/GNDs/GCE. Scan-
ning of CVs was from �0.2 to 0.6 V with a rate of 100 mV/s and all potentials are
given against SCE.
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L-Cys@Ru(dcbpy)32þ , and (c) Ab2/AuNRs/L-Cys@Ru(dcbpy)32þ (pro-
posed probe).

As illustrated in Fig. 7A, the ECL signal of the immunosensor
with the probe of Ab2/AuNRs/Ru(dcbpy)32þ was 137 a.u. Then the
higher emission (about 332 a.u) was produced by adding L-Cys
(1 mM) into the working soulation, which demonstrated that L-Cys
could act as an proper co-reactant of Ru(dcbpy)32þ . Subequently,
AuNRs in the proposed probe was replaced by Au nanoparticles
(Nano-Au) to construct the probe b (Ab2/Nano-Au/L-Cys@Ru
(dcbpy)32þ). The ECL responses of the immunosensor with the
probe b was 751 a.u. When the immunosensor was incubated with
the proposed probe of Ab2/AuNRs/L-Cys@Ru(dcbpy)32þ , the ECL
emission raised about 2633 a.u (Fig. 7C). The dramatically enhance-
ment was attributed to three aspects: (1) L-Cys as linking reagent
significantly increasing the loading amount of Ru(dcbpy)32þ ,
(2) AuNRs as carriers could absorb more amount of Ru(dcbpy)32þ ,

(3) the higher luminous efficiency of L-Cys@Ru(dcbpy)32þ by the
intramolecular ECL reaction. The results adequately indicated that the
proposed probes of Ab2/AuNRs/L-Cys@Ru(dcbpy)32þ could be

Fig. 6. Optimization of incubation time for Ab2 bioconjugates.

Fig. 7. ECL profiles of the different sandwich format immunosensors in the absence (a, green line) and in the presence of Ab2 bioconjugates (b, red line), by using various
labels: (A) Ab2/AuNRs/Ru(dcbpy)3 2þ labeled immunosensor, (B) Ab2/nano-Au/L-Cys@Ru(dcbpy)3 2þ labeled immunosensor, and (C) Ab2/AuNRs/L-Cys@Ru(dcbpy)3 2þ labeled
immunosensor. The concentration of cTnI was 0.005 ng/mL. Working solution, PBS (pH 7.4) or PBS (pH 7.4) containing L-Cys (1 mM). Scan rate was 100 mV/s. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 8. ECL profiles of the immunosensor in the presence of different concentra-
tions of cTnI based on sandwich-type format in PBS (pH 7.4, 3.0 mL) containing
0.1 M KCl (a)–(h).The concentrations of cTnI: (a) 0.1 ng/mL, (b) 0.05 ng/mL,
(c) 0.01 ng/mL, (d) 0.005 ng/mL, (e) 1 pg/mL, (f) 0.5 pg/mL, (h) 0.25 pg/mL.

Table 1
Comparison of our research with other methods for cTnI detection.

Measurement protocol Linear range/
pg/mL

Detection
limit/pg/mL

References

Electrochemical immunoassay 800–5,000 500 Guo et al. [6]
Optomagnetic biosensor 30–6,500 30 Dittmer et al. [5]
ELISA 100–10,000 27 Cho et al. [4]
Electrochemiluminescence 2.5–10,000 2 Shen et al. [26]
Electrochemiluminescence 0.25–100 0.083 Present work
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effectively utilized for ultrasensitive detection of cTnI with the
amplification of the ECL signal.

3.7. Analytical performance of ECL immunosensors

Under the optimized experimental conditions, we explored the
quantitative range of the proposed ECL immunosensor (Fig. 8). As
expected, the ECL intensity increased linearly with the cTnI
concentrations in the range from 0.25 pg/mL to 0.1 ng/mL with a
detection limit of 0.083 pg/mL (S/N¼3). The linear regression
equation was y¼7550.6þ2088.5 log c, and the correlation coeffi-
cient of r2¼0.9969. According to the linear equation, the proposed
method could be used to detect cTnI concentration quantitatively.
Additionally, we also made a comparative study between proposed
immunosensors with previous reported (Table 1) [4,5,25,26], and
the proposed immunosensor exhibited more excellent analytical
properties for the detection of cTnI compared with reported ECL
immunoassay. It is reported that patients with high likelihood of
cardiac contusion had cTnl concentrations greater than 2.0 ng/mL
[27]. So we can further reduce the interference of other proteins by
diluting the serum in the clinical diagnosis, and thus provided a
highly efficient and reliable analytical method for measuring cTnI
at ultralow levels.

3.8. Stability, reproducibility and selectivity

To investigate the selectivity and specificity of the proposed
immunosensor, contrast experiments were performed (see Fig. 9A).
Intravenous gamma globulin (IgG), amino-terminal pro-brain
natriuretic peptide (BNP) and bovine serum albumin (BSA) were
used as interfering substances to evaluate the selectivity. The
immunosensors were incubated with 0.1 ng/mL IgG, 0.1 ng/mL BNP
and 0.1 ng/mL BSA, respectively. Almost no signal change was
obtained compared with the background. The immunosensor was
also incubated with 0.01 ng/mL cTnI containing different interfering
species, compared with the ECL response obtained from the 0.01 ng/
mL cTnI only, no significant difference was found. All these results
indicated a good selectivity of the proposed immunosensor.

The stability of proposed immunosensor was investigated by
consecutive cyclic potential scans for 24 cycles. As shown in
Fig. 9B, the ECL intensity did not show any obvious changes. The
outstanding stability may be attributed to AuNRs/L-Cys@Ru
(dcbpy)32þ is a good matrix for the loading of Ab2, which could
increase the access chance of the antigen and antibody.

Simultaneously, the reproducibility of the proposed immunosen-
sor was evaluated by the relative standard deviation (ECL response)
of intra- and inter-assays. The relative standard deviations (R.S.D.)

of the intra- and inter-assay were not more than 5%. Thus, the
reproducibility of the proposed immunoassay was acceptable.

3.9. Preliminary analysis of real samples

Moreover, the practical applicability of the immunosensor has
also been investigated using the standard addition method in
human blood serum. The results were shown in Table 2 and the
recovery and relative standard deviation values were ranging from
91.2% to 107%, which confirmed that the proposed immunosensor
could be reasonably applied in the clinical determination of cTnI.

4. Conclusions

In conclusion, we have successfully developed a reagentless
ECL immunosensor for the sensitive and specific detection of cTnI
based on the self-enhanced electrochemiluminescent L-Cys@Ru
(dcbpy)32þ which combined the coreactant and the luminophor in
one molecule. The proposed method avoided the adding of any
coreactant into testing solution for signal amplification and thus
simplified the operation. Meanwhile, since the intramolecular ECL
reaction has the shorter electron transfer path and less energy
loss, the proposed immunosensor exhibited more excellent analy-
tical properties for the detection of cTnI and the liner range was
from 0.25 pg/mL to 0.1 ng/mL, down one order of magnitude
compared with reported ECL immunoassay. Furthermore, it is
expected to provide a promising approach for the detection of a
wide range of molecular analytes.
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