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A B S T R A C T

A stable sandwiched electrochemiluminescence (ECL) aptasensor was originally constructed established upon Ru
(bpy)32+-doped silica nanoparticles (RuSiO2 NPs) with ferrocene carboxylic acid-aptamer (Fc-aptamer) to
quantitatively detect cytochrome c (Cyt C). Herein, RuSiO2 NPs and Fc-aptamer were respectively prepared
through the microemulsion method and amide reaction to fabricate the ECL aptasensor. Furthermore, Fc-ap-
tamer was used as quenching probe for quenching the ECL emission of RuSiO2 NPs. In detail, RuSiO2 NPs were
primarily immobilized onto the electrodes by the film-forming function of chitosan. Subsequently, the aptamer
was incubated onto the decorated GCE via crosslinking with glutaraldehyde (GA). After Cyt C was connected to
the GCE via immunoreaction, Fc-aptamer was immobilized onto the modified electrodes owing to the specific
recognition between antigens and aptamer. Ultimately, ECL signals markedly descended owing to the poor
electricity conductivity of proteins and superior quenching effect of Fc-aptamer. Under optimum conditions, the
designed ECL aptasensor indicated an accurate analysis for Cyt C in a rang of 0.001–100 nM with a detection
limit of 0.48 pM (S/N=3).

1. Introduction

As a significant mitochondrial protein, cytochrome c is the electron
deliverer between its reductase and oxidase (Muzyka, 2014). During
recent decades, several investigators have found that cytochrome c has
an extremely important effect on cell apoptosis. For example, Cain K
et al. firstly reported that it is an apoptosis protease-activating factor
which is a pivotal element to the proliferation of apoptotic signals in a
variety of apoptotic pathways (Cain et al., 2002). Lately, with the fur-
ther study on the energy metabolism regulation to the apoptosis pro-
cess, researchers have a clearer understanding about cytochrome c.
Normally, Cyt C will release to the cytoplasm to stimulate apoptosis, so
it can be served as the early signs of cell apoptosis (Yin et al., 2015).
Under pathological conditions, the excessive cytochrome c will enter
the bloodstream, which is closely related to certain diseases at the
cellular level (Manickam et al., 2017). Moreover, the normal con-
centration of cytochrome c in human serum is lower than 2 nM
(Shamsipur et al., 2017). Therefore, the detection of Cyt C can be used
not only as a biomarker of apoptosis, but also as an important factor in
studying certain diseases of the cell level (Karimi Pur et al., 2018). So
far, various approaches have been utilized to quantify Cyt C, including

cyclic voltammetry (Fuku et al., 2012), chemiluminescence (Li et al.,
2010), electrochemical impedance spectroscopy (Shafaat et al., 2018)
and fluorescence (Salehnia et al., 2017), etc. Aptamer is single-stranded
oligonucleotides with tens of nucleotides which have been used in
numerous fields due to its characteristics of high specificity, high affi-
nity, and abundant targets (Wu et al., 2015). Moreover, as a novel
molecular recognition component, aptamer has the advantages of good
thermal stability, long-term infinite preservation, no immunogenicity,
uniform activity, and no need for experimental animals compared with
traditional antibodies and enzymes (Sun et al., 2014). Accordingly,
aptamers are extremely beneficial for the fabrication of biosensing
platform owing to their simple synthesis, high stability and easy to
modification (Meng et al., 2016). Therefore, they are also considered
promising alternatives to antibodies, especially in the detection of
proteins.

In particular, ECL technology have received increasing attention as
a result of the significant advantages of combining electrochemistry
methods with chemiluminescence spectroscopy these years (Karimi Pur
et al., 2018). Hence, ECL aptasensors have been extensively employed
for immunoassay owing to their excellent sensitivity, prominent spe-
cificity, satisfactory accuracy and simple operation (Li et al., 2017). For
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example, Motaghi H et al. employed the aptamer modified bipolar
electrodes combined with ECL technique to detect human breast cancer
cells (Motaghi et al., 2018). During multifarious combination of co-re-
actants and luminescent reagents, the Ru(bpy)32+-TPA co-reacting
system is frequently utilized for immunoassay in virtue of high fluor-
escence quantum yield, good biocompatibility, and excellent stability
(Ke et al., 2017). Previously, the generally-used means for immobilizing
Ru(bpy)32+ is nafion cation exchange membrane method. However,
this way is not only time-consuming, but also reagent-consuming.
Furthermore, the luminescent reagent fixed by this method is easy to
fall off. In recent years, numerous nanomaterials were applied in im-
mobilizing Ru(bpy)32+ to heighten ECL signals, including metal or-
ganic frameworks (MOFs) (Yuan et al., 2015), polyamidoamine den-
drimer (PAMAM) (Babamiri et al., 2018), metal nanomaterials (Ge
et al., 2015), and silica nanoparticles (SiO2 NPs) (Zhou et al., 2015).
There are usually two ways: one is to encapsulate Ru(bpy)32+ in the
process of directly forming nanomaterials; the other is to combine na-
nomaterials with Ru(bpy)32+ to form a composite. Among these na-
nomaterials, SiO2 nanoparticles (NPs) aroused researchers’ great con-
cern due to their unique characteristics (Shanthil et al., 2017). For
instance, Zhang et al. found that RuSiO2 NPs could not only maintain
the property of Ru(bpy)32+, but also keep it from escaping and dis-
solving in solution (Zhang and Dong, 2006). Therefore, RuSiO2 NPs
showed excellent performance in the construction of electro-
chemiluminescence sensor. For example, Zhang et al. synthetized Ru@
SiO2 NPs acted as a signal probe for sensitively detecting fumonisin B1

(Zhang et al., 2017). Besides, ferrocene (Fc) and its derivatives are
common and efficient luminescent quenchers for a majority of lumi-
nescent materials, such as Ru(bpy)32+ and its derivative, persulfate
system, quantum dots, and metal nanoclusters. As an example, Zhuo
et al. prepared ferrocene-graphene nanosheets to effectually quench the
luminescence signal of Ru(bpy)32+ derivative for detecting thrombin
(Zhuo et al., 2015).

Consequently, a novel quenching ECL sensor between RuSiO2 na-
noparticles and Fc-aptamer composites is fabricated for sensitively de-
tecting cytochrome c. Herein, RuSiO2 NPs and Fc-aptamer were syn-
thesized via the microemulsion method and amide reaction
respectively. Compared with the traditional adsorption-fixation
method, the strategy of directly encapsulating Ru(bpy)32+ in the pro-
cess of synthesizing SiO2 nanoparticles can greatly improve the stability
of the constructed sensor. In addition, Fc-aptamer, acted as effective
ECL quencher, can remarkably quench the ECL intensity of RuSiO2 NPs.
Therefore, Cyt C can be accurately and sensitively detected by this
proposed ECL aptasensor.

2. Experimental sections

2.1. Reagents and materials

Cytochrome C, tris(2,2′-bipyridyl)-dichlororuthenium(II) hexahy-
drate (Ru(bpy)3Cl2·6H2O), tripropylamine (TPA), ferrocene carboxylic
acid (Fc-COOH), 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimid
(EDC), N-hydroxysuccinimide (NHS), bovine serum albumin (BSA,
99%), Tween-20 and chitosan (Chi) were ordered from Sigma−Aldrich
(China). The aptamer sequence of cytochrome c (5′-CCGTGTCTGGGG
CCGACCGGCGCATTGGGTACGTTGC(CH2)6-NH2–3′) was gained from
Sangon Biotech (China). Tetraethyl orthosilicate (TEOS) was gained by
Sinopharm Reagent (Beijing, China). Triton X-100 (TX-100), n-hexanol
and cyclohexane were supplied by Damas-beta (Shanghai, China). The
human serum samples were provided by Ruijin Hospital, Shanghai
Jiaotong University School of Medicine and kept in −20 °C.

2.2. Experimental instruments

Electrochemical impedance spectroscopy (EIS) and cyclic voltam-
metry (CV) were carried out via a CHI 760B electrochemistry

workstation (Shanghai CH Apparatus Inc, China). The morphology
characterization of RuSiO2 NPs was obtained from the scanning elec-
tron microscopy (FMSEM, LEO1530 field emission, Germany). UV–vis
absorption spectra was tested by a Thermo Multiskan spectrum spec-
trophotometer. ECL analysis was measured by MPI-E ECL analyzer
(Xi’an Remax Electronic High-Tech Ltd.). In addition, a traditional three
electrode system was used throughout ECL experiments, including
differently modified glassy carbon electrode (working electrode), a Pt
wire (counter electrode) and Ag/AgCl (reference electrode).

2.3. Synthesis of RuSiO2 nanoparticles

In this protocol, RuSiO2 nanoparticles were prepared based on the
reported method with some changes (Zhang et al., 2017). 1.77mL TX-
100, 7.5mL cyclohexane, 1.8mL n-hexanol were mixed in a beaker,
then 340 μL Ru(bpy)32+ solution (7.84mM) was put into above solu-
tion and stirred for 30min. Afterwards, 100 μL TEOS was placed to the
mixture before 60 μL NH3·H2O (25%) was added quickly. After stirring
for 24 h, massive Ru(bpy)32+ molecules have been encapsulated during
the forming process of silica nanoparticles. Ultimately, acetone was
used to precipitate the RuSiO2 nanoparticles, then washed alternately
with ethanol and water.

2.4. Preparation process of Fc-aptamer

The synthetic method of Fc-aptamer composite material was suc-
cinctly and clearly exhibited in Scheme 1. In the beginning, 1mL
mixture of 20mM EDC and 10mM NHS was placed in 1mL 15 μM
aptamer. Then, 15mg Fc-COOH was put in the above solution for ul-
trasonic agitation 1 h and oscillation 8 h. Eventually, the desired pro-
duct was collected by centrifugal washing and re-dissolved in the PBS
buffer (pH =7.0) for following experiments.

2.5. Construction of the immunosensor

Initially, the polishing treatments of electrodes were carried out by
Al2O3 powder with the size of 0.3 and 0.05 µm in succession. After
rinsing by double distilled, the pretreated electrode was cleaned with
ultrasound 3min and dried by nitrogen. Subsequently, 5 μL RuSiO2 NPs
(5mg/mL) was dropped on every electrode and dried at ambient con-
dition. After that, 5 μL chitosan was covered onto modified electrodes
dried at room temperature, and then 5 μL GA (12.5%) was employed in
activating amino-group of chitosan for 1 h at 4 °C. After rinsing gently
by PBS, 5 μL Cyt C aptamer (15 μM) could be immobilized on the GCE
via crosslinking reaction between amino groups in 4 °C. Then, the
electrodes were washed softly and added with 3 μL BSAT solution (0.5%
BSA containing 1% Tween-20) for 30min to significantly reduce the
impact of nonspecific adsorption. Through rinsing lightly, these well-
prepared GCE was incubated by different concentrations of Cyt C via
immune recognition reaction in 4 °C. Afterwards, the modified GCE was
rinsed by PBS and coated with BSAT respectively. Later, 5 μL as-

Scheme 1. The fabrication procedures of this proposed sandwich-type elec-
trochemiluminescence aptasensor.
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prepared Fc-aptamer composites were linked to the acquired ECL sen-
sors via specific immunoreaction in 4 °C. After that, the constructed ECL
sensors should be stored in 4 °C before use. Correspondingly, the as-
sembly procedures and analysis mechanism of this sensor was shown in
Scheme 1.

3. Results and discussion

3.1. Quenching mechanism of the ECL aptasensor

In this proposal, an ECL sensor which used RuSiO2 NPs as signal
probe and Fc-aptamer as quenching probe was designed to sensitively
detect cytochrome c. Herein, the possible quenching processes of Fc-
COOH on Ru(bpy)32+ were as follows:

Ru(bpy)32+ − e e→ Ru (bpy)33+ (1)

TPA − ee → TPA+* (2)

TPA+* → TPA* + H+ (3)

Ru(bpy)33+ + TPA* → Ru(bpy)32+* + TPA (4)

Fc-COOH − ee → Fc-COOH+ (5)

Fc-COOH+ + Ru(bpy)32+* → Fc-COOH + Ru(bpy)33+ (6)

Ru(bpy)32+* → Ru(bpy)32+ + hν (7)

Firstly, both Ru(bpy)32+ and TPA occur electrooxidation reaction
on electrodes, producing Ru(bpy)33+ and excited states TPA (TPA*),
respectively (Eq. (1,2,3)). Following that, TPA* can react with Ru

(bpy)33+, further forming excited states Ru(bpy)32+ (Ru(bpy)32+*) (Eq.
(4)). Accordingly, an ECL emission which wavelength is about 620 nm
will generate after the excited states revert to the ground states (Eq.
(7)). Nevertheless, the oxidation reaction of Fc-COOH forms stable Fc-
COOH+ (Eq. (5)) which will react with Ru(bpy)32+* to prevent the
above reaction (Eq. (6)), further quenching ECL signals of system.

3.2. Characteristics of different nanocomposites

FMSEM was employed to characterize the morphology of synthetic
RuSiO2 nanoparticles, exhibited in Fig. 1A. These obtained RuSiO2 NPs
are homogeneous spheres with a diameter of about 50 nm. To confirm
the as-prepared RuSiO2 NPs, UV–vis absorption spectra is a favorable
instrument. As depicted in Fig. 1B, there are two apparent absorption
peaks at around 285 and 460 nm in RuSiO2 NPs solution (curve b),
which correspond to absorption peaks of Ru(bpy)32+ solution(curve a),
indicating that the RuSiO2 NPs are successfully prepared. Moreover, the
EDS analysis of RuSiO2 NPs shows the existence of oxygen, silicon,
carbon and ruthenium elements (Fig. 1C), further certifying the success
preparation of the RuSiO2 NPs. What's more, as shown in Fig. S1, the
RuSiO2 NPs can be evenly coated on the surface of glassy carbon
electrode. Besides, for the sake of proving the efficient synthesis of Fc-
aptamer, UV–vis absorption spectra and EDS analysis were also applied
in illustrating the successful modification of Fc on aptamer. As dis-
played from Fig. S2, an obvious absorption peak at 275 nm could be
distinctly seen with Fc or Fc-aptamer (curve a and b) in contrast to the
aptamer (curve c), suggesting that the mixture is successfully synthe-
sized. Furthermore, the EDS image also demonstrates the effective
preparation of Fc-aptamer, containing carbon, oxygen, sodium,

Fig. 1. FMSEM (A) and EDS (C) images of RuSiO2 NPs. (B) UV–Vis absorption spectra of (a) Ru(bpy)32+ solution and (b) RuSiO2 NPs solution.
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aluminum, phosphorus, chlorine, potassium and iron elements dis-
played in Fig. S3.

3.3. Electrochemistry and electrochemiluminescence performances of the
aptasensor

In this proposal, cyclic voltammetry, electrochemical impedance
spectroscopy and ECL analysis have been applied in investigating the
electrode performances of each modified step. As depicted in Fig. 2A,
no CV response of bare GCE (curve a) is observed in PBS with 0.5mM
TPA, while a couple of characteristic redox currents of Ru(bpy)32+ is
visible after RuSiO2 NPs were coated on the GCE (curve b), further
proving the successful synthesis of RuSiO2 NPs. ECL signals of RuSiO2

NPs remarkably improve in the existence of coreactant, certifying that
TPA can dramatically amplify ECL intensities of Ru(bpy)32+ displayed
in Fig. 2B.

Following that, the electronic transfer resistance (Ret) during layer-
by-layer assembly processes was measured by the electrochemical im-
pedance spectroscopy. As shown in Fig. 2C, a small resistance value is
discovered from the bare GCE (curve a), while the RuSiO2 NPs is coated
on the GCE by chitosan (curve b), the Ret becomes bigger, implying that
RuSiO2 NPs have a relatively high impedance. The further assembly of
the aptamer, BSA, Cyt C and Fc-aptamer greatly increase the Ret
(curves c-g) attributed to the protein hindered the electron transfer,
suggesting the successful decoration.

Three-dimensional ECL analysis spectroscopy was utilized to ex-
plore the ECL signal of stepwise assembling procedure exhibited in
Fig. 2D. The ECL intensity of aptamer/Chi/RuSiO2/GCE can be clearly

observed from curve a. After BSA and Cyt C were successively im-
mobilized to the modified GCE, the ECL response gradually descend
(curves c-d) ascribed to the impede of proteins on electron transport.
However, ECL intensities evidently decline (curve e) when Fc-aptamer
was modified on the GCE resulting from the outstanding quenching
efficiency of Fc-COOH toward the electrochemiluminescence emission
of Ru(bpy)32+, proving that the previously descriptive quenching me-
chanism is reliable. In addition, the ECL analysis results are consistent
with the electrochemical impedance spectroscopy, further corrobor-
ating that the layer-by-layer assembly processes are highly successful.

3.4. Optimization of testing conditions for Cyt C

The optimum performances using the constructed ECL aptasensor
for quantitative analysis has been obtained by investigating some vital
influencing factors, including concentrations of TPA and pH of PBS. As
indicated in Fig. 3A, the ECL intensities constantly ascend along with
the increased concentration of TPA from 0.1mM to 0.5mM, which
achieve the maximum at 0.5mM. Moreover, the ECL intensity modestly
declines when the concentration continued to mount up. Accordingly,
0.5 mM as the optimal TPA concentration was used for the next ex-
periments. Besides, as shown in Fig. 3B, effects of pH was also in-
vestigated ranged from 6.0 to 8.5 in PBS buffer. The results show that
the ECL intensity reaches to the highest point at pH=7.0. Thus, 7.0 was
utilized as the appropriate pH throughout following tests. In optimized
conditions, the relative standard deviation (RSD) of this constructed
sensor under consecutive ECL scanning for 24 cycles is calculated to be
0.95% displayed in Fig. 3C, indicating the satisfactory stability of this

Fig. 2. (A) Cyclic voltammograms of bare GCE (a) and Chi/RuSiO2 NPs/GCE (b) in 0.1M PBS buffer (pH=7.0) with 0.5 mM TPA. (B) ECL-time curves of Chi/RuSiO2

NPs modified GCE in 0.1M PBS buffer (pH=7.0) without (a) and with 0.5 mM TPA (b). Inset: the magnified curve a. (C) Electrochemical impedance spectroscopy of
different decoration of bare GCE (a), Chi/RuSiO2 NPs (b), aptamer (c), BSAT (d), Cyt C (e), BSAT (f) and Fc-aptamer (g) in 0.1M KCl containing 5mM Fe(CN)63−/4−.
(D) 3D ECL intensity of successive modification of (a) Chi/RuSiO2 NPs/aptamer, (b) BSAT, (c) Cyt C, (d) BSAT and (e) Fc-aptamer on the GCE in 0.1M PBS buffer
(pH=7.0) with 0.5 mM TPA.
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sensor.

3.5. Analytical performances of the designed aptasensor

Quantitative analysis results of this as-prepared ECL aptasensor for
Cyt C were gained under the above-mentioned optimum conditions. As
depicted from Fig. 4A, prominent decreases of ECL intensities are ac-
companied with the increases in the concentrations of target ranged
from 0.001 to 100 nM (curves a-h). On account of the more target, the
more quenching probe Fc-aptamer will be combined. Therefore, the
poor electricity conductivity of proteins and strong quenching effect of

Fc-aptamer cause together the decline of ECL intensity, which is con-
sistent with the expected mechanism of quantitative results. Mean-
while, a good linear relationship between ECL intensity and logarithm
of Cyt C concentrations is depicted in Fig. 4B. Furthermore, the linear
regression equation and correlation coefficient (R2) were respectively
correspond to IECL= 6031. 68–1858.29lgCCyt C and 0.99628. Besides,
the detection limit was 0.48 pM by calculation. In addition, the com-
parison between the designed sensor and previous reported techniques
on analyses of target was exhibited in Table S1, illustrating a com-
paratively lower detection limit and wider linear range of this approach
and further suggesting the widespread application prospects of this as-

Fig. 3. Influences of (A) concentration of TPA and (B) pH. (C) The ECL signal-time curve of 1.0 nM Cyt C in 0.1M PBS buffer (pH=7.0) with 0.5 mM TPA from 0.2 V
to 1.2 V for 24 cycles with the scan rate of 100mV/s.

Fig. 4. (A) ECL responses of the proposed ECL aptasensor in 0.1M PBS buffer (pH=7.0) with different concentration of Cyt C (nM) from a to h: 0.001, 0.01, 0.1, 1, 5,
10, 50, 100. (B) Calibration curve of the ECL sensor for Cyt C detection with a correlation coefficient (R2) of 0.99628.
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prepared ECL sensor on the determination of Cyt C.

3.6. Specificity, stability and repeatability of the aptasensor

Under optimal conditions, to manifest the performances of as-pre-
pared sensor on Cyt C analysis, a series of experiments were performed
to study its selectivity, stability and reproducibility. Therefore, 10 nM
BSA, Glucose, HAS, Mg2+, L-cysteine, Cyt C and mixture were respec-
tively applied to replace the targets for testifying the specificity of the
ECL sensor illustrated in Fig. 5A. Herein, the 0.1 M PBS buffer
(pH=7.0) acted as the blank sample. As a result, the as-prepared sensor
has an excellent selectivity to the target. The performance of the de-
veloped sensor with various Cyt C concentrations was shown in Fig. 5B,
validating the satisfying stability of constructed sensor. Fig. 5C exhibits
the ECL responses of six electrodes under the same test conditions. The
RSD of six ECL intensities is calculated to be 1.75%, suggesting an ac-
ceptable reproducibility for Cyt C analysis using the aptasensor.

3.7. Application of the ECL aptasensor

For the sake of evaluating the practical feasibility of the constructed
ECL sensor, the detection of Cyt C in real serum samples was further
investigated. Firstly, the human serum was diluted 20 fold with pH7.0
PBS, known quantities of Cyt C were then spiked into 1.0 mL of diluted
serum to prepare the actual samples. As clearly shown in Fig. 5D, nearly
the same ECL intensity under diverse conditions (red column represents
Cyt C in the PBS, blue column represents Cyt C in the diluted serum)
indicates that the sensor has potential feasibility in real samples. Fur-
thermore, the recovery rates obtained by standard addition method

(Table S2) were ranged from 96.38% to 106.17% with the acceptable
RSDs of 1.75–3.48%, indicating the proposed ECL aptasensor is pro-
mising for determining Cyt C in real biological samples.

4. Conclusion

In this work, RuSiO2 NPs and Fc-aptamer were respectively syn-
thesized as the signal probe and quenching probe for the fabrication of
ECL aptasensor to sensitively detect Cytochrome C. The detection me-
chanism can be attributed to the excellent quenching of Fc-aptamer
towards ECL signals of RuSiO2 NPs. The proposed ECL aptasensor
showed favorable analytical performances such as a wide linear range,
relatively low detection limit and satisfactory selectivity for the de-
tection of Cyt C, suggesting its great application prospect in the field of
biomedical analysis.
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