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ABSTRACT: The discrepancy of the electrostatic interaction of negatively charged
signal molecules to long and short DNA strands of the modified electrode surface has
been used for the first time to the develop an electrochemiluminescence (ECL)
biosensor for human papillomavirus 16 (HPV 16) DNA detection. The short single-
stranded capture probe (CP) was modified first on the surface of the gold electrode,
which only has a small amount of negative charge. The electrostatic interaction
between the negatively charged tris(2,2′-bipyridyl) ruthenium(II) chloride hexahy-
drate-doped SiO2 nanoparticles (Ru@SiO2 NPs) and CP is weak, hence Ru@SiO2
NPs easily diffuse to the surface of the electrode to generate a strong ECL signal.
Hybrid chain reaction (HCR) amplification products (long strand dsDNA) were
prepared in homogeneous solution in advance. When the target was present, the dsDNA can be connected on the electrode surface
and cause the enhancement of the negative charge on the electrode surface. Owing to electrostatic interaction and steric hindrance,
Ru@SiO2 NPs are difficult to diffuse to the electrode surface, resulting in a significantly reduced ECL signal. The decrease of ECL
signal is linearly correlated with the logarithm of the HPV concentration under optimal conditions, with the detection range being
0.1 fM −5 pM with a limit of 1.41 aM. This innovative methodology expands the application of electrostatic interaction in ECL
sensing, but can also easily develop biosensors for detecting other targets by changing the DNA sequence used in this strategy.

As an integration of chemiluminescence and electro-
chemistry, electrochemiluminescence (ECL) has the

ascendancy of fast detection speed, controllability, remarkable
sensitivity, and a wide linear range. Various DNA-based ECL
biosensors have been designed for disease marker diagnosis.1,2

Most of these biosensors required the immobilization of DNA
primarily on the electrode interface, and then ECL reporters
were modified on the electrode surface, a process that is
cumbersome and causes relative low reproducibility.3−5

Homogeneous ECL biosensors have been constructed based
on the discrepancy in the electrostatic interaction between the
DNA sequence of dissimilar lengths and the negatively charged
indium tin oxide (ITO) electrode interface.6−9 In these
sensors, the presence of a target affects the length of the
DNA strand labeled with ECL active compounds, which in
turn affects the diffusion of negatively charged DNA to the
surface of the electrode and causes the difference in the ECL
signals recorded.10 This technique has good reproducibility as
no complex modification is needed. However, the labeling of
signal molecules (ECL indicators) increases the complicacy
and potentially reduces the activity of labeled biomolecules,
and the low efficiency and high cost of labeling limit its wide
application.11 Subsequently, a label-free ECL aptasensor was
constructed based on the different electrostatic repulsions
between the ITO electrode with different dsDNAs embedded

with Ru(phen)3
2+, which has a high sensitivity and simple

operation steps.12 Nevertheless, the presence of a great
quantity of free Ru(phen)3

2+ in the solution results in a high
background signal, and the embedding of the signal molecule is
also time-consuming. Efforts are needed to address these
problems.
Changing the amount of charge on the working electrode

interface can also affect the diffusion of a charged electroactive
substance to the electrode surface. This principle had been
applied to develop electrochemical sensors earlier. For
example, potassium ferricyanide ([Fe(CN)6]

3−/4−) is an
ordinary redox reporter group with a negative charge and is
used to construct a label-free electrochemical impedance
spectroscopy biosensor, which can generate different electro-
static repulsions on the DNA sequences with different lengths
or densities that are modified on the electrode surface.13,14

These methods can realize fast and label-free target detection
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in a cost-effective manner, but they have not been coupled with
a sensitive ECL detection technique.
Tris(2,2′-bipyridyl) ruthenium(II) chloride hexahydrate-

doped SiO2 nanoparticles (Ru@SiO2 NPs) have been applied
in ECL biosensors frequently.15−17 The silica shell of Ru@
SiO2 NPs contains a large number of negatively charged silicon
hydroxyl groups, which can generate electrostatic interactions
with a negatively charged working electrode. In this study, this
character has been used to develop a homogeneous ECL
biosensor for the first time. Human papillomavirus 16 (HPV
16) E6/E7 oncogenes were selected as the model target
because high-risk HPV 16 is found in 50−55% of invasive
cervical cancer cases, among which HPV 16 E6 and E7
oncogenes are involved in their pathological process.18−20 Due
to the low concentration of oncogenes in actual samples, a
nonenzymatic and isothermal hybridization chain reaction
(HCR) has been adopted to realize signal amplification.21

When the target sequence appears, a large amount of
negatively charged HCR amplification products were captured
on the electrode interface, which can amplify the change in the
electrode interface charge caused by the target, thereby
achieving the effect of signal amplification. The target affects
the change in the electrostatic interaction between the
modified electrode interface and the negatively charged
nanoparticles, resulting in a weakening of the ECL signal.
The decrease in the ECL signal is associated with the
concentration of the target, which can realize the quantitative
analysis of the target. In addition, the biosensor shows an ideal
performance in detecting HPV 16 DNA in cervical brush
samples. This study can also be utilized for any other DNA
biomarker detection as a general platform, further expanding
the application of ECL.

■ EXPERIMENTAL SECTION

Reagents. Triton X-100, tetraethyl orthosilicate (TEOS),
1-hexanol, cyclohexane, tris(2-carboxyethyl) phosphine hydro-
chloride (TCEP), tris(2,2′-bipyridyl) ruthenium(II) chloride
hexahydrate (Ru(bpy)3

2+), tripropylamine (TPA), potassium
ferricyanide (K3[Fe(CN)6]), KCl, NaCl, MgCl2, and potas-
sium ferrocyanide (K4[Fe(CN)6]·3H2O) were acquired from
Aladdin Chemical Reagent Co. Ltd. (Shanghai, China).

Ammonia, ethanol, acetone, and sulfuric acid (H2SO4) were
procured from Sinopharm Chemical Reagent Co. Ltd. The 1
M Tris-HCl solution (pH = 7.4), 20× phosphate buffered
saline (PBS), 5× TBE buffer, and all DNA sequences utilized
in this experiment were procured from Sangon Inc. (Shanghai,
China). All reagents utilized are analytically pure. Ultrapure
water is applied in each process of the experiment. Sequences
of oligonucleotides utilized in this work are as follows: Capture
Probe (CP): 5′-CGAAATCGGTTTT-(CH2)6-SH-3′; Target:
5′-ACCGATTTCGGTTACGCCCT-3′; Assistant Probe
(AP): 5′-CCCACACCCACCGCATTTCCAAGGGCGT-
AAC-3′; HP1: 5′-CGGAAATGCGGTGGGTGTGGGTGA-
TCGTCCACACCCACCGC-3′; HP2: 5′-CCACACCC-
ACCGCATTTCCGGCGGTGGGTGTGGACGATCA-3′;
HPV31: 5′-GGTGAACCGAAAACGGTTGG-3′; HPV18: 5′-
GGAATGCTCGAAGGTCGTCT-3′; HPV51: 5′-TCTG-
CTGTACAACGCGAAGG-3′.

Synthesis of Ru@SiO2 NPs. The W/O reverse micro-
emulsion system was preformed by mixing 7.5 mL of
cyclohexane, 1.8 mL of 1-hexanol, and 1.77 mL of triton X-
100. Subsequently, 680 μL of aqueous solution containing 10
mM Ru(bpy)3

2+ was added to the above solution. Then, 60 μL
of NH3·H2O and 100 μL of TEOS were added to the aforesaid
solution. After stirring the reaction at room temperature for 24
h, acetone was added to separate the nanoparticles from the
W/O system until precipitation no longer increases, and the
orange precipitate was obtained by centrifugation at 8000 r/
min for 10 min. It was rinsed with ethanol and ultrapure water
three times in sequence after discarding the supernatant.
Ultimately, the Ru@SiO2 NPs obtained were separated in
deionized water for subsequent use.

Analysis of Polyacrylamide Gel Electrophoresis. The
12% polyacrylamide gel was carried out verifying the feasibility
of the designed strategy. Electrophoresis was executed at an
unvarying voltage of 80 V in a 0.5× TBE buffer under room
temperature for 120 min. A JS-2012 gel imager was used to
photograph the electrophoresis results.

Procedures of HPV E6/E7 DNA Detection. The mirror
surface of the gold electrode with a diameter of 3 mm was
obtained by polishing with 0.3 and 0.05 μm Al2O3 powder in
turn. The treated electrode was sonicated in ultrapure water for

Scheme 1. Scheme of the Constructed ECL Biosensor Based on the Difference in the Electrostatic Interaction for the
Detection of HPV 16 DNA
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3 min and dried with nitrogen. CV measurement of the
processed electrode was performed at the potential scope of
−0.2 to 1.6 V and the scan rate of 100 mV/s in 0.5 M H2SO4
solution until a steady voltammetric peak was obtained.
Afterward, the electrode surface was washed by ultrapure water
and desiccated with nitrogen. Then, 0.5 μM AP, 5 μM HP1,
and 5 μM HP2 were added to the centrifuge tube in equal
volumes to incubate at 37 °C for 2 h to obtain HCR
amplification solution, which was utilized instantly or stored at
4 °C. Subsequently, 10 μL of CP (1 μM), which was
pretreated with 5 mM TCEP to reduce disulfide bonds, was
introduced to the electrode surface via a Au−S bond to
incubate at 37 °C for 2 h. Eventually, the modified electrode
surface was immersed in 30 μL of target DNA with different
concentrations, its corresponding buffer solution, and 90 μL of
HCR amplification solution and incubated at 37 °C for 2 h.
After each step, the electrode surface must be thoroughly
washed with ultrapure water and desiccated with nitrogen.
ECL analysis was performed in 1 mL of PBS buffer

containing 20 mM TPA and 2.5 μL (13.6 mg/mL) of Ru@
SiO2 NPs. The measurement was launched in the voltage
scope of 0.4−1.6 V at a scan rate of 100 mV/s under the
photomultiplier tube voltage of −900 V. Each electrode is
measured once, and the average of the three measurement
results was taken as the reference result. Error bars represent
the standard deviation with three repeated mensurations.

■ RESULTS AND DISCUSSION
Principle of the Constructed ECL Biosensor. Scheme 1

demonstrates the principle of the designed ECL biosensor for
the detection of HPV 16 E6 and E7 oncogenes. The designed
hairpin DNAs (HP1 and HP2) complement each other,

whereas their hybridization reaction is hindered kinetically as
complementary areas being locked in the hairpin stem. The AP
acts as an initiator that activates and opens the first hairpin
(HP1), which instantly opens and hybridizes with the second
hairpin (HP2), producing a nicked dsDNA with a ssDNA
“sticky end”. It further induces opening of another HP1 and
triggers the continuation of the HCR procedure, eventually
producing a large number of long dsDNA. When the target
DNA is present, the 5′-end of the target is hybridized with the
CP modified on the surface of the electrode, and the 3′-end is
complemented to the AP, which connected the HCR
amplification products initiated by the AP to the electrode
interface. At this time, a large amount of dsDNA is modified on
the electrode interface. The electrostatic repulsion and steric
effect between the long dsDNA modified on the interface of
electrode (contains a large quantity of negatively charged DNA
phosphate skeleton) and Ru@SiO2 NPs (the silica shell
includes a large number of silicon hydroxyl groups with
negative charge) make Ru@SiO2 NPs less likely to diffuse
toward the working electrode, which results in a weak ECL
signal detected. When there was no target DNA in the system,
HCR amplification products cannot be captured on the
electrode interface. Ru@SiO2 NPs in the solution can spread
relatively effortlessly to the electrode interface, and a relatively
strong ECL signal can be observed. The difference in the ECL
signal detected is linearly related to the HPV concentration.
Under this, a simple but sensitive ECL biosensor for target
DNA detection can be developed.

Feasibility of the Designed ECL Biosensor. To certify
the successful implementation of the HCR procedure,
polyacrylamide gel electrophoresis was initially carried out
(illustrated in Figure 1A). Lanes b, c, and d illustrate,

Figure 1. Viability of the constructed ECL biosensor. (A) Polyacrylamide gel electrophoresis analysis. (B) Electrochemical impedance spectroscopy
of (a) bare gold electrode (b) bare gold electrode + CP (c) bare gold electrode + CP + target DNA (d) bare gold electrode + CP + target DNA +
HCR. (C) ECL intensity of the constructed biosensor in the (a) bare gold electrode and in the (b) absence and (c) presence of 1 μM target DNA.
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respectively, that the states of the hairpin chains HP1, HP2,
and AP were in monomeric form. Lane e is the coexistent state
of HP1 and HP2, which indicates that HP1 and HP2 in the
solution will not open to each other. Lane h implies that HCR
amplification has been triggered because there is a significant
difference pattern compared to other monomer band positions
when AP iss present in the system. Due to the base number of
CP being negligible compared with the long chain amplified by
HCR, there was no significant difference in the band positions
between lane j and lane h at the existence of the target DNA,
which connected CP and HCR amplified products. These
consequences confirmed that the HCR amplification proce-
dure was feasible.
Electrochemical impedance spectroscopy was applied to

characterize the step-by-step modified procedure of the gold
electrode. The charge transfer resistance (Ret) was equivalent
to the diameter of the semicircle, which reveals the transfer
kinetics of [Fe(CN)6]

3−/4− on the electrode interface directly.
As illustrated in Figure 1B, owing to the electrostatic repulsion
between [Fe(CN)6]

3−/4− and CP of the phosphate skeleton
with a negative charge, the gold electrode modified with CP
(curve b) showed a significantly higher Ret contrasted to the
bare gold electrode (curve a), which demonstrated that the CP
was modified to the electrode surface successfully via the Au−S
bond. When the target DNA appears, the Ret increased slightly
(curve c), indicating that the target DNA was successfully
connected to the electrode surface. When the HCR
amplification products were added and incubated, the Ret
increased significantly (curve d), exhibiting that the target
DNA further successfully captured HCR amplification
products to the electrode surface. These results proved the
successful assembly process of the gold electrode interface.
To certify the viability of the constructed ECL biosensor, the

ECL experiments were further carried out (illustrated in Figure

1C). The Ru@SiO2 NPs in the solution could freely diffuse to
the bare gold electrode interface with no charge, so a strong
ECL intensity could be measured (curve a). When the target
DNA was absent, the ECL intensity was reduced due to the
electrostatic interaction between the CP with a small amount
of negative charge modified on the electrode interface and the
signal molecule Ru@SiO2 NPs (curve b). When the target
DNA was existent, the target DNA could capture the HCR
amplification products to the electrode interface, resulting in
an increase in the amount of negative charge on the electrode
interface. The ECL signal reduced significantly due to the
electrostatic interaction and steric hindrance between the
modified electrode surface and Ru@SiO2 NPs. These
consequences indicated that the designed biosensor can be
applied to detect HPV 16 DNA.

Optimization of the Experimental Conditions. In
order to obtain the finest performance of the constructed
biosensor strategy for analyzing HPV 16 E6/E7 oncogenes, the
dosage of Ru@SiO2 and the concentration of CP, AP, and
HP1/HP2, as well as the HCR amplification product capture
time for biosensor preparation were optimized. The dosage of
Ru@SiO2 in the test solution can significantly affect the
generated ECL signal (illustrated in Figure 2A). With the
dosage of Ru@SiO2 increased, the ratio of background signal
to signal value (B/S) increased correspondingly and then
decreased slightly. In order to achieve a better detection signal
at lower background, 2.5 μL was chosen as the optimal dosage
of Ru@SiO2.
The concentration of CP modified on the gold electrode

could be used to capture the HCR amplification product
through the target connection and directly affected the
generated ECL signal (illustrated in Figure 2B with a black
line). The ΔECL intensity (the ECL intensity difference
between with and without the target DNA) reached stability

Figure 2. Optimization of different experimental conditions. (A) The influence of dosage of Ru@SiO2 on ECL intensity. (B) The influence of CP
concentration and AP concentration on ΔECL intensity. (C) The influence of HP1/HP2 concentration on ΔECL intensity. (D) The influence of
HCR capture time on ΔECL intensity. The measurement was launched in the voltage scope of 0.4−1.6 V at a scan rate of 100 mV/s.
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when the concentration of CP was 1 μM, indicating that the
quantity of CP modified on the electrode surface attained
saturation. Consequently, 1 μM was chosen for the following
experiments. The concentration of AP had a great influence on
the amplification of HCR, which affected the performance of
the biosensor in turn (illustrated in Figure 2B with a red line).
Accompanying the increasing concentration of AP, the ΔECL
intensity was raised and reached a plateau at the concentration
of 0.5 μM since the triggered HCR amplification product chain
increased with the increase in the AP concentration, which
further affected the amount of amplification product captured
on the electrode surface. Therefore, the optimal concentration
of AP was 0.5 μM.
The amount of HP1 and HP2 affects the negatively charged

HCR amplification product captured by target DNA on the
working electrode surface, which in turn affects the electro-
static interaction between the working electrode and the signal
molecule (illustrated in Figure 2C). Accompanying the
increasing concentration of HP1/HP2, the ΔECL intensity
rose and tended to stabilize at 5 μM H1/H2, indicating that
the charge and length of the formed HCR products are

adequate to prevent Ru@SiO2 NPs from approaching the
working electrode surface.
The impact of the incubation time on the capture of HCR

amplification products on the electrode interface was
ultimately studied (illustrated in Figure 2D). ΔECL increases
with the incubation time and levels off after 120 min, because
the reaction attained saturation after a certain concentration of
hairpin probes for a certain period of time. Ultimately, 120 min
was chosen as the optimal capture time.

Performance of the Proposed Biosensor. The ECL
response of the proposed biosensor toward target DNA with
different concentrations was explored with the optimal
conditions (illustrated in Figure 3A). There was a strong
correlation between ΔECL intensity and target concentration
displayed in Figure 3B, which illustrated that the ΔECL of the
constructed biosensor was linearly linked to the logarithm of
HPV 16 DNA concentration. The linear regression equation of
the obtained biosensor was conveyed as

Δ = + =C RECL 94.83 lg 493.36, 0.9965HPV16
2

Figure 3. (A) ECL intensity of the constructed biosensor in the presence of target DNA with different concentrations (a−h: 0, 0.1 fM, 1.0 fM,
10 fM, 500 fM, 1.0 pM, 3.0 pM, and 5.0 pM, respectively). (B) Relationship between ECL intensity and different concentrations of target DNA.
Inset: Linear curve of ΔECL intensity and logarithm of target DNA at different concentrations. (C) Selectivity of the proposed ECL biosensor.
[HPV16] = 100 fM, [HPV18] = [HPV31] = [HPV51] = 1 pM. The error bars denote the standard deviation of three replicate determinations. (D)
Reproducibility of the proposed ECL biosensor.
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where C is the HPV 16 DNA concentration (pM) and R is the
linear correlation coefficient. The detection range is 0.1 fM to
5 pM, and the calculated limit of detection (LOD) is 1.41 aM
(LOD = 3s/k, where the slope of the calibration curve is
represented by k and the standard deviation of the blank is
represented by s). The designed ECL biosensor exhibited a
lower limit, higher reproducibility, and stability for the
detection of HPV 16 DNA compared with other detection
methods, which may be ascribed to the signal magnification
effect of HCR and the high sensitivity of ECL technology
(illustrated in Table 1).

Selectivity and Reproducibility of the Designed ECL
Biosensor. The specificity of the proposed ECL biosensor was
evaluated under the same experimental conditions for DNA
detection with different sequences containing target, HPV 18,
HPV 31, and HPV 51 (illustrated in Figure 3C). The ECL
intensity changes significantly after the addition of target, but it
was not obvious after the addition of interference, which
presumably was because only a high degree of matching
sequence can connect to the electrode interface through base
complementary pairing, and unmatched sequences are difficult
to connect to the electrode interface and change the electrode
surface charge. These consequences revealed that the proposed
ECL biosensor had powerful specificity in detecting HPV 16
DNA and significant selectivity contrasted to its analogs.
The reproducibility of the ECL biosensor was studied by

repeated detection of HPV 16 DNA (0.1 fM, 10 fM, 5 pM)
three times (illustrated in Figure 3D). The P value valued by
ANOVA is much less than 0.01, implying that the difference
between the groups was significant. In addition, the calculated
RSD of each group (n = 3) at the same concentration was 0.7−
1.1%. The deviation within each group was small, demonstrat-
ing that the constructed ECL biosensor had a high
reproducibility.
Application of the Proposed Biosensor. To further

demonstrate the applicability of the designed biosensor, it was
applied to HPV 16 DNA detection in clinical cervical brush
sample denaturing solution. The recovery studies were
performed by adding four different concentrations of target
DNA (1, 10, and 100 fM) to the clinical sample solution using
standard addition methods. The detection results are
illustrated in Table 2. The recovery ranged from 95.9% to
105%, and the RSD was between 2.4% and 5.2% (n = 3). It
demonstrated that the designed ECL biosensor was capable of
being used for clinical study.

■ CONCLUSION
A sensitive ECL biosensor for HPV 16 E6/E7 oncogene
detection based on the different electrostatic interactions
between negatively charged signal molecules and different
lengths of DNA modified on the electrode interface had been
constructed. The biosensor demonstrates several captivating
features: (1) The platform combines the ECL technology and
the electrostatic interaction caused by the change in electrode
surface charge first, which expands the application of
electrostatic interaction in ECL sensing. (2) Compared with
the traditional complex and expensive signal molecular labeling
and time-consuming intercalation, Ru@SiO2 was selected as
the signal molecule, which is easy to synthesize and has higher
luminous efficiency. (3) HCR without an enzyme and
isothermal amplification is used to achieve high-efficiency
signal amplification. In addition, the designability of the DNA
sequence gives the proposed biosensor outstanding versatility
and scalability that can be widely utilized in the design of ECL
sensors for the detection of various DNA biomolecules.
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