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A homogeneous electrochemical DNA sensor on the basis
of a self-assembled thiol layer on a gold support and by using
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Abstract
An unmodified electrochemical biosensor has been constructed, which can directly detect DNA in homogeneous solution. The
synthesized new compound tetraferrocene was used for signal amplification. The dual-hairpin probe DNA was tagged with a
tetraferrocene at the 3′ terminal and a thiol at the 5′ terminal. Without being hybridized with target DNA, the loop of probe
prevented the thiol from contacting the exposed gold electrode surface with an applied potential. After hybridization with the
target DNA, the loop-stem structure of the probe was opened, which led to the formation of the hairpin DNA structure.
Afterwards, the thiol easily contacted the electrode and accomplished potential-assisted Au-S self-assembly. Its current signal
depends on the concentration of target DNA in the 1.8 × 10−13 to 1.8 × 10−9 M concentration range, and the detection limit is
0.14 pM. The technique is a meaningful study because of its high selectivity and sensitivity.
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Introduction

Deoxyribonucleic acid (DNA) is a medium for genetic infor-
mation and can be used as a probe to detect target DNA and
microRNA. Since DNA can be used as a biological vector to
store and transmit genetic information, the effective detection
of specific DNA sequences is of particular concern [1–3]. A
variety of biosensors, including biosensors based on colorim-
etry [4, 5], fluorescence [6–8], electrochemical luminescence
[9, 10], photoelectrochemistry [11], dynamic light scattering
technology [12], and electrochemistry [13–15], have been

applied to detect DNA. Among these methods, electrochemi-
cal biosensors are extremely attractive because of their excel-
lent sensitivity, low cost, simplicity, and rapidity [16, 17].

The sensitivity of an electrochemical DNA sensor is affect-
ed by hybridization efficiency and electroactive indicators. In
terms of hybridization efficiency, the vast majority of electro-
chemical DNA sensors are bound to require probe DNA to be
immobilized on the electrode surface [18, 19]. On the one
hand, these procedures are time-consuming and reduce repro-
ducibility of the biosensor. On the other hand, DNA hybridi-
zation takes place at the solution-electrode interface. This het-
erogeneous hybridization strategy has significantly low hy-
bridization efficiency due to the spatial hindrance effect of
the electrode surface [2, 20]. Homogeneous methods can ben-
efit from the higher binding efficiency and faster reaction rate
in solution than in a solid phase compared with heterogeneous
assays [21, 22]. Thus, it is crucial to develop a homogeneous
immobilization-free system. In terms of electroactive indica-
tors, electrochemical signal markers such as nanoparticles
[23–25], metal-organic frameworks (MOFs) [19, 26, 27],
and enzymes [21, 28] can transform electroactive indicators
into quantitative signal efficiency and achieve signal amplifi-
cation in DNA assays. However, these materials require addi-
tional substances and operations to obtain the desired signal,
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which overly complicates the operation process making it
time-consuming and laborious. Compared with the above
electrochemical signal markers, ferrocene, a redox-active sub-
stance, can generate a signal directly without additional mate-
rials and operation. Therefore, ferrocene is more applicable in
the design of electrochemical biosensors. In addition, the elec-
trochemical sensor labeled with ferrocene can not only sim-
plify the operation procedure but also reduce the experimental
cost [29–31]. However, since each oxidation-reduction pro-
cess of ferrocene is only a matter of a gain or loss of single
electron, the signal provided for analysis of the target has
reduced detection efficiency and sensitivity.

It is worth noting that novel electrochemical signal probes
bearing two ferrocene molecules have been successfully studied
and synthesized to detect DNA. Xiong et al. developed a DNA
probe modified with two ferrocenes at each end to enhance the
oxidation signal [16]. Yang et al. synthesized a ferrocene dsDNA
intercalator from naphthalene diimide generating a double-
ferrocene redox marker to improve the electrical signal [19].
Therefore, the development of the signal of DNA probe of
multi-ferrocene is of significant importance. Since multi-
ferrocene is an excellent electrochemical signal amplification
marker, we designed a double-hairpin DNA probe with a
tetraferrocene-labeled 3′ terminal, whereas the 5′ terminal was
modified with a thiol. As shown in Fig. 1, prior to hybridization,
the thiol was enclosed in the stem-loop structure hindering con-
tact with the gold electrode due to steric effect. After hybridiza-
tion with the target DNA, the stem-loop structure of the probe
opened allowing the thiol to be easily connected to the surface of
the bare gold electrode resulting in potential-assisted Au-S self-
assembly. And then the tetraferrocene was close enough to the
surface of the electrode to produce an excellent signal, which can
be used to sensitively quantify DNA.

Experimental section

Materials

Unless otherwise stated, all chemicals were analytical grade
reagents purchased from Sangon Biotech Company

(Shanghai, China; https://www.sangon.com). Hyperpure
water was purchased from a Millipore water purification
system (18 MW, Milli-Q, Millipore) and applied to all assays.
The oligonucleotide sequences used in this experiment pro-
cess were purchased from the Sangon Biotech Company, Ltd.
(Shanghai, China). In addition, oligodeoxynucleotides were
purified by C-18 RP-HPLC. The bound of the tetraferrocene
and DNA was accomplished with the help of the Sangon
Biotech Company. The probe sequences of probe 1 (P1) and
probe 2 (P2) are shown as follows:

P1: 5′-HS-(CH2)6-CGACAGAGTTTTGTCTGTCG
GGCCCCCCTTTTTGGGGGGCCA18-tetraferrocene-3′

P2: 5′-HS-(CH2)6-CGACAGAGTTTTGTCTGTCG
GGCCCCCCTTTTTGGGGGGCCA18-ferrocene-3′

In addition, the target sequence oligo 3 (5′-CGAC
AGACAAAACTCTGTCG-3′) completely matched the par-
tial probe sequence, while oligo 4 (5′-CGACAGACTAAAC
TCTGTCG-3′) contained single-base mismatch, oligo 5 (5′-
CGACAGACTTTACTCTGTCG-3′) had three base mis-
matches, and oligo 6 (5′-GCTCAATTCCTTTGGACTAAT-
3′) had a random sequence independent of the probe sequence.

oligo 3: 5′-CGACAGACAAAACTCTGTCG-3′
oligo 4: 5′-CGACAGACTAAACTCTGTCG-3′
oligo 5: 5′-CGACAGACTTTACTCTGTCG-3′
oligo 6: 5′-GCTCAATTCCTTTGGACTAAT-3′

Apparatus

All electrochemical measurements were carried out using the
auto lab electrochemical workstation (Metrohm Instruments
Co, Swiss) at room temperature, including cyclic voltammetry
(CV) and differential pulse voltammetry (DPV). A conventional
three-electrode cell, which consisted of a polycrystalline gold
electrode (1 mm in diameter, working electrode), platinum wire
(auxiliary electrode), andAg/AgCl/KCl (sat) electrode (reference
electrode), was used in all electrochemical investigations.

Electrode pretreatment

Gold electrodes were cleaned following a reported procedure.
In brief, they were polished with 50-nm aluminum oxide

Fig. 1 Scheme of the unmodified
electrode electrochemical DNA
sensor
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particles on a polishing pad for 5 min, followed by sonication
in ultrapure water, polishing on a blank polishing pad, and
sonication in ultrapure water to remove any particles. Gold
electrodes were rinsed with fresh piranha solution (H2SO4/
H2O2, v/v 7/3) followed by rinsing thoroughly with deionized
water and readily used for electrochemical cleaning.
Electrodes were electrochemically cleaned in a classical
three-electrode cell by immersing them in H2SO4 (0.5 M) so-
lution. And the potential was scanned between the oxidation
and reduction potentials of gold, 0 V and + 1.5 V versus Ag/
AgCl reference electrode, with a scanning rate at 0.2 V/s for
60 cycles until no further changes in the voltammogram were
observed [19].

Potential-assisted deposition of Au-S on electrode

Potential control is the performer of the DNA self-assembly
process [17]. The results show that applying low positive po-
tential on the gold surface will accelerate the chemical adsorp-
tion process on its surface and contribute to the tissue mono-
layer. The cleaned gold electrode was initially run at 0.3 V for
5 min to reduce the gold electrode surface. Afterwards, the
electrode was immersed in hybridization solution containing
the probe and target DNA, incubated at a potential of 0.4 V for
5 min, and then washed thoroughly with water to remove
weakly adsorbed DNA.

Results and discussion

Characterization of the biosensor

Differential pulse voltammetry (DPV) was used to char-
acterize the efficiency of electrochemical bonding on the
electrode surface before and after hybridization with the
target DNA. In Fig. 2(A), a negligible DPV signal can be
observed before hybridization with the target DNA (signal
a), which due to the probe double-stem-loop structure was
closed with an applied potential, the non-specific adsorp-
tion of the probe produced a negligible DPV signal. A
highly sensitive electrochemical signal can be observed
at around 0.4 V when the signal marker tetraferrocene
reached the electrode surface (signal b). This was because
the tetraferrocene units were simultaneously oxidized,
resulting in a higher peak current peak. In addition, self-
assembly at the electrochemical sensor was investigated
by electrochemical impedance spectroscopy (EIS).
Embedded in Fig. 2(B) is a fitting Randles equivalent
circuit of Nyquist diagram. Resistance (Rct) represents
interfacial resistance, which is equivalent to the diameter
of semicircle in Nyquist diagram. It was observed from
the diagram that the bare electrode exhibited a very small
semicircle domain (Rct = 230 Ω, curve a), demonstrating

an extremely fast charge-transfer process. Subsequently,
when the probe was incubated with Au electrode in
potential-assisted conditions for 5 min, only a small in-
crease in the semicircle’s Rct value of about 456 Ω (curve
b) was observed. It indicated that a small amount of probe
was non-specifically adsorbed on the electrode surface.
Nevertheless, hybridization of the probe with the target
DNA at a concentration of 180 pM promoted a large in-
crease of the Rct value (about 1912 Ω, curve c). Hence, a
large number of hybrids were immobilized on the elec-
trode surface by Au-S bonding with Au electrode in
potential-assisted conditions.

Preparation of probe DNA

A series of researches have been carried out on the design
of the probe [21, 22, 32], which is an important factor to
determine the response of biosensors. The structural
change of the DNA probe influences the reaction perfor-
mance of the sensor with target DNA. Therefore, we de-
signed the probe with a dual-stem-loop structure, which
was verified by Mfold Web Server and fluorescence exper-
iments (see Supporting Information). Fluorescence experi-
ments show that only the double-stem ring structure was
thermally stable under our optimized hybridization condi-
tions, which confirmed the applicability of the selected
sequences.

In order to make the signal marker on the probe as close as
possible to the electrode surface and generate the electrochem-
ical signal, we added a free sequence at the 5′ end and extend-
ed the probe design, which had been verified by the experi-
mental process. As shown in Fig. 3, the fluorescence emission
spectra had indicated a change in the fluorescence intensity of
the probe DNA before (a) and after (b) hybridization with the
target DNA, and a significant decrease in the fluorescence
intensity after hybridization. The experimental results had ver-
ified that the hybridization of the probe with the target DNA
resulted in tetraferrocene markers to be close to the electrode
surface.

Comparison of signal amplification of tetraferrocene

The signal amplification ability of tetraferrocene as sig-
nal markers in the prepared sensor was compared. In the
experiment, two probes were placed in the same solution
containing target DNA. As shown in Fig. 4, the oxida-
tion peaks of tetraferrocene and ferrocene were at the
potential of about 0.4 and 0.2 V, respectively. The elec-
trical signal produced by tetraferrocene was significantly
higher than that of ferrocene. The reason is that the four
ferrocene units have a higher oxidation potential than
ferrocene. Therefore, tetraferrocene as an electrochemical
marker generated better signal amplification.
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Optimization of detection conditions

A series of experiments were performed to establish optimal
DNA detection conditions, including hybridization tempera-
ture and time, Mg2+ concentration, and potential-assisted Au-
S deposition time (see Supporting Information for further
details).

Hybridization temperature of the complementary target
DNA incubated with double-hairpin probe ranged between
30 and 51 °C. As shown in Fig. S3, the maximum signal value
was at 45 °C, which was used in all consecutive experiments.
Hybridization time of 20–60 min was set, and the response
signals at different hybridization times are shown in Fig. S4.
Upon increasing the hybridization time from 20 to 45 min, a
slight increase in signal was observed. However, the signal
tended to be stable 45 min. Therefore, the reaction time of
45 min was optimal in the experiment.

The effect of potential-assisted Au-S deposition time on the
hybridization experiment is shown in Fig. S5. The current
signal value increased with the increase of the deposition time.
When the deposition time reached 5 min, the current signal
value tended to be stable, and the signal response value of the
current hardly changed with the increase of settling time. As a
result, the deposition time of 5 min had been selected as an
optimal condition.

In the case of the dual-hairpin DNA probe, competition
existed between intermolecular target DNA probe hybridiza-
tion and intramolecular stem part hybridization. Therefore,
determination of Mg2+ concentration is important, since high
Mg2+ concentration enhances hybridization between target
DNA and double-stem-loop probe. However, excessive con-
centrations of Mg2+ can adversely affect DNA detection per-
formance. Figure S6 shows that the experiment’s max signal
was at 3-mM Mg2+ concentration.

Fig. 3 (Left) Scheme of fluorescence probe conformation behavior; (right) fluorescence emission spectra of a 50-nM fluorescence probe (a). After
hybridized with target DNA (b) buffer 10 mM MOPS containing 50 mM NaNO3

Fig. 2 (A) DPV signal before and after hybridization with target DNA.
(B). EIS (Nyquist plots) of the different modification process of the
electrode interface in solution containing 5 mM (1:1) [Fe(CN)6]

3−/4−

and 0.1 M KCl. Bare electrode (a), probe (b), and probe/target DNA
(c). The inset plot shows the equivalent electrical circuit
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Electrochemical assay of target DNA

In the experiment, the amount of target DNA was con-
verted into electrochemical signals through homogeneous
hybridization and potential-assisted Au-S deposition,
which verified the linear range of target DNA.
Therefore, the peak current of target DNA with various
concentrations was detected using DPV, where three
groups of parallel experiments were conducted for every
DNA concentration. The average values are shown in
Fig. 5(A). Before the experiment, the static voltage was
set at − 0.2 and tetraferrocene was allowed to stand for
1 min. The currents of DPV were gradually increased
with the increasing concentrations of target DNA, indi-
cating that signal responses relied highly on the target
concentrations. The current was linearly logarithmically
positively correlated with the target DNA concentration

within this range from 0.18 to 1800 pM, where the rela-
tionship was expressed as y = 0.2095 logx+3.3497. The
value of R2 (correlation coefficient) was 0.9974 (Fig.
5(B)). The electrochemical sensor exhibited a good linear
correlation range from 0.18 to 1800 pM with a detection
limit of 0.14 pM, corresponding to the signal of blank
plus 3 times the standard deviation (SD). It means that
high sensitivity can enlarge the signal.

DPV was also implemented to investigate the sensi-
tivity of the electrochemical sensor with tetraferrocene
as signal molecule under conditions of phosphate-
buffered saline (PBS) buffer containing probe and dif-
ferent target DNA concentrations. As shown in Fig. 6,
in the voltage range of − 0.1 to 0.8 V, the non-
complementary DNA promoted a small and unavoidable
current signal (signal a) when target DNA was not pres-
ent. The three-base mismatched DNA sequence pro-
duced signal (c). DPV signal (d) was generated by the
single-base mismatch DNA sequences approximately 1/3
of the DPV signal (d) produced by the fully comple-
mentary DNA sequence. Selective hybridization between
hairpin probe and target DNA sequences was partially
due to inherent recognition ability of DNA bases. Even
if the probe hybridized with the mismatched target, its
hairpin structure would be partially opened, and when
this “hybridization” contacted the electrode, there was
still an obvious spatial effect.

This work provided a simple, immobilization-free
electrochemical DNA sensor for amplification using
tetraferrocene as a signal marker to accomplish a rela-
tively sensitive and efficient test result. In comparison
with other DNA amplification methods that employ
electrochemical ly act ive substances (Table 1) ,
tetraferrocene as a signal amplification marker was di-
rectly utilized avoiding additional reagents such as

Fig. 5 (A) DPV curve of the probe at different target DNA concentrations (0 M, 0.18 pM, 1.8 pM, 18 pM, 180 pM, and 1800 pM). (B) The
corresponding calibration plots

Fig. 4 Hybridization of two different types of probes to target DNA
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nanometers [33], enzymes [34–36], and multiple probes
[22, 35, 36]. The one-time hybridization experiment re-
duced the incubation time and made the operation
easier.

Analytical application in real samples

We investigated the practicability of our biosensor by de-
tecting the polymerase chain reaction (PCR) product, and
158-bp Cordyceps sinensis gene was selected as template
DNA. As shown in Fig. 7, we found that the current signal
increased along with the increase of the template concen-
tration. Finally, as few as 1.4-pM DNA template PCR
product was successfully detected in the PCR environment
(see Supporting Information (SI) for details), which indi-
cated that the electrochemical DNA sensor was a promis-
ing method for the rapid detection of PCR product.

Conclusion

A non-modification electrochemical DNA biosensor was
completed, which allowed the hybridization between
DNA probe and target DNA to occur in homogeneous
solution. Based on the electrochemical bonding method,
the sensor can obtain the signal of the specific target
sequence simply, quickly, and efficiently without pre-
modifying the electrode. In addition, we synthesized a
new compound, tetraferrocene, by chemical synthesis to
construct probe DNA, which significantly achieved sig-
nal amplification. The detection limit as low as 0.14 pM
was obtained in the linear range of 0.18–1800 pM. And
it is anticipated that the sensor using tetraferrocene as
the signal marker can be extended to other simple and
real-time detection methods of other electrochemical
biosensors.

Table 1 Comparison of our strategy with other methods for electrochemical sensors

Signal amplification Signal marker Electrode- modified
material

Number of
probes

Electrode
modification time

Linear range Detection
limit

Reference

Nicking endonuclease assisted

Target recycling amplification

Methylene blue immobilization-free 1 60 min 1 to 10 pM 0.35 pM 34

Exo III-assisted recycling

amplification

Methylene blue;

Ferrocene

Graphene-modified

electrode

2 110 min 1 to 100 nM 0.22 pM. 36

Exo III-assisted recycling

amplification

Methylene blue Immobilization-free 1 0 1 ~ 500 nM 0.43 nM 35

Gold nanoparticles for signal
amplification

Methylene blue Triplex- forming
oligonucleotides

1 2 h 0 3 nM 33

Hybridization chain reaction

(HCR) signal amplification

Methylene blue

indicator

Immobilization-free 2 5.5 h 1 to 800 pM. 1 pM 23

Signal-off based on triple-helix

conformation

Methylene blue Immobilization-free 2 18h 0.5 to 80 pM 0.12 pM 16

Tetraferrocene Tetraferrocene Immobilization-free 1 0 0.18 to 1800 pM 0.14 pM This work

Fig. 6 Comparison of DPV signals of tetraferrocene between probe at −
0.1 to 0.8 V and hybrid buffer without deoxyribonucleic acid sequence
(a), 180-pM non-complementary DNA (b), 180-pM three-base mis-
matched DNA (c), 180-pM single-base mismatched DNA (d), and
180 M target DNA (e)

Fig. 7 Analysis result of the PCR product from Cordyceps sinensis
genomic DNA by using the electrochemical bonding–based DNA sensor
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