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A B S T R A C T

A PEDOT-modified Pt microelectrode was used in SECM for DNA biosensing and combined with long self-
assembled DNA concatemers to realize dual signal amplification. The approach curve could also be plotted for
tip location using this modified microelectrode with no impact on the catalytic effect so that both signal am-
plification and tip locating were achieved in one single tip. The detection limit of this method reached 0.076 fM,
providing an ultra-sensitive DNA biosensing platform. Furthermore, this strategy could be applied in scanning a
DNA chip, showing great potential in high-throughput bioanalysis with high sensitivity.

1. Introduction

The mutation of human genes has been proven to be related to
predisposition to different types of diseases. Thus, the detection of
specific DNA has become a popular research direction, and many kinds
of analytical methods have been applied in this important field of study
[1–4]. Over the past three decades, many DNA biosensors have been
designed and established based on scanning electrochemical micro-
scopy (SECM) since the invention of this technique by Bard and his co-
workers [5–8]. It is known that in traditional electrochemical methods,
the element for signal amplification is usually modified on the electrode
surface, which might hinder electron transfer between the electrode
and electrolytes in solution, thus weakening the effect of signal am-
plification. However, SECM allows the separation of the signal carrier
(i.e., the substrate electrode) and the signal receiver (i.e., the ultra-
microelectrode, known as the tip). Therefore, the element for signal
amplification on the substrate would not influence electron transfer.
SECM has been widely exploited for biosensing, but most of the studies
focused on creating amplifying platforms on the surface of the substrate
electrode because it is difficult to plot approach curves for the tip lo-
cation with a modified tip. Therefore, some groups have fabricated
parallel dual microelectrodes for signal recording and tip approach
[9–11]. However, the manufacturing process and operation are both
complicated. Hence, a multifunctional single tip with both signal am-
plification and tip approaching abilities is needed.

Conducting polymers have been highlighted because of their unique

surface structures for probe immobilization and their excellent elec-
trochemical properties for detection. Poly(3,4-ethylenedioxythiophene)
(PEDOT), polymerized from 3,4-ethylenedioxythiophene (EDOT), has
received much attention for its fascinating conductivity and favorable
stability [12–14]. Moreover, this polymer has exhibited a unique cat-
alytic effect towards some redox molecules, such as hydroquinone/
benzoquinone redox couples [15]. Besides, PEDOT has been frequently
used for the detection of biomolecules, such as ascorbic acid and do-
pamine, [16–18] and also in SECM-based sensing researches [19–22].
However, there have been no reports on PEDOT-modified tips in SECM
for dually catalytic biosensing.

Herein, an ultrasensitive method based on SECM with dual signal
amplification for DNA biosensing has been developed using a PEDOT-
modified tip and long self-assembled DNA concatemers. Hydroquinone
was first oxidized on the substrate, catalysed by horseradish peroxidase
(HRP) labelled on DNA concatemers, and its oxidative product, ben-
zoquinone, was then reduced back to hydroquinone by the biased
modified tip. This reduction reaction on the tip was catalysed by the
modified layer, PEDOT, so that the tip current was amplified twice due
to these two catalytic process stated above (Scheme 1). The PEODT-
modified tip could also be used to generate approach curves in a redox
couple solutions, such as ferrocenyl methanol, without damage. Based
on the dual signal amplification, a linear correlation between the signal
current and the concentrations of the target DNA was established in the
range of 1 fM to 100 fM, and the detection limit was 0.076 fM, as esti-
mated by the 3σ rule. This strategy holds great potential for the
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detection of other biomolecules and high-throughput scanning of bio-
molecular arrays.

2. Material and methods

2.1. Reagents and materials

The HPLC-purified oligonucleotides used in this work were syn-
thesized by Sangon Biotech Co., Ltd. (Shanghai, China) and are listed in
Table S1. Bovine serum albumin (BSA) was also supplied by Sangon
Biotech Co., Ltd. (Shanghai, China). 3,4-Ethylenedioxythiophene
(EDOT), benzoquinone (BQ), hydroquinone (H2Q), acetonitrile, 98%
sulfuric acid (H2SO4) and 30% hydrogen peroxide (H2O2) were pur-
chased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).
(3-Aminopropyl)trimethoxysilane (APTM) was supplied by Sigma-
Aldrich (Shanghai, China). Ferrocene methanol (FcMeOH) was ob-
tained from Tokyo Chemical Industry (TCI), and streptavidin-labelled
horseradish peroxidase (HRP) was provided by Beyotime Institute of
Biotechnology (Shanghai, China). Phosphate-buffered saline (PBS,
0.1 M, pH 7.4) was prepared using Na2HPO4, NaH2PO4 and KCl. Water-
based solutions were prepared with ultrapure water from a Millipore
Milli-Q water purification system.

2.2. Electrochemical polymerization process and characterization of the
PEDOT-modified ultramicroelectrode

All electrochemical experiments were performed with a CHI 660C
electrochemical workstation (CH Instruments Co., Shanghai, China).
Before electrochemical polymerization, a Pt ultramicroelectrode was
first activated by 20 cycles of cyclic voltammetry scanning from
−0.25 V to 1.20 V vs. Ag/AgCl (saturated KCl) in 0.5M H2SO4 at
50mV/s. Then, another 20 cycles between -1.5 V and 0.2 V vs Ag/AgCl
were performed on the ultramicroelectrode in an acetonitrile solution
to decrease the amount of water molecules adsorbed on the Pt surface,
which could inhibit the formation of PEDOT films by reacting with the
cation radicals, EDOT+, produced during electropolymerization with

the application of a high positive potential [23,24]. Afterwards, the
electropolymerization proceeded in acetonitrile containing EDOT and
NaClO4 with a typical three-electrode configuration: a 10 μm Pt ultra-
microelectrode as the working electrode, a Ag/AgCl (saturated KCl)
electrode as the reference electrode, and a Pt wire as the counter
electrode. This electropolymerization process was realized with cyclic
voltammetry scanning in the range of 0.8–1.4 V because the oxidation
potential of EDOT is 1.2 V. To achieve the best catalytic effect of PEDOT
towards benzoquinone, the concentration of EDOT, the number of cy-
cles, the sweep rate in cyclic voltammetry for electropolymerization,
and the existence of the initiator NaClO4 were optimized by in-
vestigating the catalytic effect in 0.1 M PBS (pH=7.4) containing
1mM benzoquinone (BQ) via cyclic voltammetry in the range of -0.2 V
to 0.3 V. Scanning electron microscopy (SEM) was used for the char-
acterization of electropolymerization on a Pt ultramicroelectrode. This
modified tip could be stored at room temperature within a few days.

2.3. Self-assembly of long DNA concatemers on the SECM substrate

According to the previous work of our group, [25] the capture probe
(CP) was first immobilized on the gold substrate by immersing the ac-
tivated gold substrate into PBS (pH=7.4) containing 1 μM CP for 12 h.
After rinsing with PBS to remove the unbound CP, the modified sub-
strate was dipped into PBS (pH=7.4) containing the target DNA (TD)
at different concentrations for 1 h, followed by hybridization with 1 μM
signal DNA (SD) for 1 h. Then, the long DNA concatemers were self-
assembled by the immersion of modified substrate in PBS containing
2 μM SD and 2 μM auxiliary probe (AP) for 5 h with the subsequent
attachment of HRP through specific binding of streptavidin-biotin. All
procedures were performed at room temperature.

2.4. SECM measurement using the PEDOT-modified ultramicroelectrode

SECM measurements were performed using a CHI 920C scanning
electrochemical microscope (CH Instruments, Austin, TX, USA). Z-ap-
proach curves were obtained in 0.1 M PBS (pH=7.4) containing 1mM

Scheme 1. Schematic illustration of SECM detection with dual signal amplification.
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H2Q and 1mM H2O2 on the long DNA concatemer self-assembled
substrate with a three-electrode configuration: the unmodified or
modified ultramicroelectrode as the working electrode, a Ag/AgCl
electrode as the reference electrode and a Pt wire as the counter elec-
trode. To determine the distance between the tip and substrate, ap-
proach curves were recorded using the unmodified and modified ul-
tramicroelectrodes in a 1mM FcMeOH water-based solution containing
0.1 M KCl before the SECM measurement. All detections were per-
formed at room temperature.

2.5. SECM imaging of DNA biochips

A simple DNA biochip was fabricated according to the reported
steps [26]. In brief, a slide treated with piranha solution was modified
by an aldehyde group from APTMS, followed by the self-assembly of
long DNA concatemers. The tip potential was held at -0.15 V with a
10 μm distance between the tip and the substrate, as determined from
the approach curves for SECM imaging. All procedures were performed
at room temperature.

3. Results and discussion

3.1. Characterization of polymerization process and modified tip

The polymerization process of PEDOT from EDOT is illustrated in
Scheme S1. The polymerization of 3.4-ethylenedioxythiophene (EDOT)
was achieved on a 10 μm Pt ultramicroelectrode by cyclic voltammetry
(Fig. 1A). The monomer, EDOT, was oxidized above 1.2 V and then
polymerized to form PEDOT (Scheme S1) in the presence of the initiator
NaClO4, which also served as the supporting electrolyte. The anodic
current increased from cycle to cycle due to the growth of the con-
ductive PEDOT film, which confirmed the formation of the polymer and
its conductivity. In addition, the active surface of the tip increased as
the polymerization process proceeded, resulting in an increased cur-
rent. On the other hand, the oxidation potential became more negative,
mainly because the generated oligomers could be oxidized more easily
than the monomer [27].

The PEDOT-modified tip was then used to record cyclic voltam-
mograms of 1mM benzoquinone (BQ) in 0.1 M PBS (pH=7.4) (Fig. 1B,
red curve). Compared to the response obtained by the unmodified Pt tip
(Fig. 1B, black curve), an obvious shift to a more positive potential
(nearly 150mV) occurred, and the reductive diffusion current was en-
hanced, demonstrating the catalytic effect of PEDOT towards BQ. This
effect may be caused by a π-π interaction and the formation of a donor/
acceptor complex between BQ and PEDOT [15]. The former could
promote the electron transfer reaction, and the latter could increase the
rate of the reaction, in which the oxidized PEDOT behaved as a Lewis
acid, and the electron pair was provided by the oxygen atom in BQ.

3.2. Optimization of tip-modified condition and the stability of the modified
tip

To achieve the best performance of the PEDOT-modified tip, the
polymerization conditions were optimized. EDOT (1.5 μM) in acetoni-
trile and 3 cycles of cyclic voltammetry scanning were determined to be
the optimized conditions because a higher concentration of EDOT and
more cycles could generate more PEDOT, which would wrap the cusp of
the tip, including the glass sealed area, and lead to a non-disc-like tip
surface and further violation of diffusion dynamics. The SEM images
(Fig. S2A and B) has shown that the PEDOT deposit protruded a little
(4–5 μm) above the tip (Fig. S2D), but it did not wrap its glass-sealed
area under the optimized conditions. Also, the red “S-shape” curve in
Fig. 1B (similar curves were also exhibited in Figs. 2B and 3 B, corre-
sponding to FcMeOH) verified that the diffusion dynamics of BQ’s re-
duction was not influenced. Furthermore, a contrast experiment with
and without sodium perchlorate (NaClO4), the initiator and supporting
electrolyte, was performed, and the results (Fig. S1A, C and D) showed
that the response of the modified tip without NaClO4 (blue curve) had
nearly no difference compared with that of the unmodified tip (black
curve). However, an excellent catalytic effect emerged with the parti-
cipation of NaClO4 (red curve) and demonstrated the necessity of
NaClO4 during the electropolymerization process. The sweep rates
during the electropolymerization process were also considered. As
shown in Fig. S1B, the catalytic effect of the modified tip using a sweep
rate of 10mV/s is superior to that using a sweep rate of 50mV/s,
mainly because slower sweeping in CV polymerization with the same
number of cycles could produce a more porous polymerized layer on
the Pt surface, which was displayed in the SEM image of Fig. S2, thus
improving the catalytic effect. In summary, the optimized polymeriza-
tion was achieved in 1.5 μM EDOT in acetonitrile containing 0.1M
NaClO4 with 3 cycles of cyclic voltammetry at a sweep rate of 10mV/s.

The stability of the modified tip was evaluated by cyclic voltam-
metry scanning for 100 cycles in 0.1 M PBS (pH=7.4) containing
1mM BQ (Fig. 2A). Obviously, the modified tip presents almost no
decrease in the reductive diffusion current after 100 cycles, indicating
excellent stability, probably because PEDOT is very stable in aqueous
electrolytes [28] and cannot fall off the Pt surface after a long elec-
trochemical process. However, after only 10 cycles of cyclic voltam-
metry scanning, the diffusion current of the unmodified tip decreased
(Fig. 2B), mainly due to the decreased active area of the easily absorbed
Pt surface by the absorption of species in solution, such as dissolved
oxygen.

3.3. Feedback mode achieved by the modified tip

The modified tip was further exploited in the feedback mode of
SECM over an insulating spot on the good substrate. Fig. 3A exhibits
two approach curves in 0.1 M KCl containing 1mM FcMeOH with the
modified tip (red curve) and unmodified tip (blue curve), in which the
distance between tip and substrate was calculated using the theoretical

Fig. 1. A. Cyclic voltammograms of polymerization at a 10 μm
Pt ultramicroelectrode in an acetonitrile solution containing
1.5 mM EDOT and 0.1M NaClO4. B. Cyclic voltammograms of
a Pt ultramicroelectrode before (black) and after (red) elec-
tropolymerization in response to 1mM benzoquinone in 0.1M
PBS (pH=7.4) (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version
of this article).
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formula stated by Bard and his co-workers [29]. Obviously, a negative
feedback curve was shown using the unmodified tip due to the in-
sulating properties of the spot. While, a tiny positive feedback was
presented when the modified tip was used. This is because the approach
curves were recorded at the insulting part near the conductive part of
the gold substrate and a little FcMeOH reduced by the bipolar gold
substrate might be oxidized again on the protruding conductive part of
the modified tip, since the effect of hindering the diffusion of electrolyte
(FcMeOH) to the tip by the sealed glass was weakened by the pro-
truding conductive deposit (Fig. S2D). Besides, the current of the
modified tip has a much higher intensity than that of the unmodified tip
because the protruding layer increases the effective radius of the tip.
The cyclic voltammetric curves of 1mM FcMeOH obtained by these two
tips (Fig. 3B) also exhibit the difference of current intensity.

The SECM imaging towards an insulting spot on gold substrate was
further performed. Fig. 3C (origin SECM data is showed in Fig. S3)
exhibits the positive and negative feedback images using the Pt tip
(upper) and the PEDOT-modified tip (below). It could be observed that
the conductive and insulting parts were distinguished clearly in both
two graphs, demonstrating the feasibility to apply this modified tip for
imaging in feedback mode. However, the current obtained by the
modified tip is definitely larger than the unmodified one. After the
normalization to the diffusion current, these two graphs exhibit almost
the same signal intensity (Fig. 3D, 3D graph in Fig. S4), indicating that
the PEDOT layer had no catalytic effect on FcMeOH, which was also
verified by Fig. 3B, since no positive or negative shift of half-wave
potential occurred according to the comparison between those two
cyclic voltammetric curves. Consequently, this modified tip could be
used in feedback mode of SECM and the porous PEDOT layer could
enhance the current intensity but had no catalytic effect on FcMeOH.
Moreover, the application of this modified tip in feedback mode could

benefit both signal acquisition and distance verification, avoiding the
complex fabrication steps of a dual-electrode system but realizing signal
amplification.

3.4. Dual-catalytic signal amplification

Another signal amplification element in this strategy is the long
DNA concatemers self-assembled on the substrate in SECM, and these
concatemers linked numerous HRPs to catalyse the oxidation of H2Q to
BQ [25]. The generated BQ would be reduced by the tip, displaying an
obvious substrate generating-tip collecting mode approach curve
(Fig. 4A). The tip was held at -0.15 V, which was a positive shift from
-0.4 V in our previous work [25,30] due to the catalytic effect of PEDOT
towards the reduction of BQ, and positioned at 500 μm above the fab-
ricated substrate, followed by the approach of the tip to the substrate.
In the presence of 1 μM target DNA, the long concatemers on the sub-
strate result in a nearly 4-fold enhancement of the current detected by
the unmodified tip (blue curve, single signal amplification) compared
with that detected by the tip modified with a traditional sandwich
structure formed by the self-assembly of a capture probe (CP), target
DNA (TD) and HRP-labelled signal DNA (SD) (black curve, no signal
amplification). This enhancement is due to the increased amount of
HRP associated with the long DNA-concatemer structure, which im-
proves the catalytic effect. With further signal amplification by the
PEDOT-modified tip (red curve, dual signal amplification), the current
is 15 times larger than that for the non-amplified signal and 3.5 times
larger than that with single signal amplification. In the absence of TD
(Fig. 4B), the long DNA concatemers could not be immobilized on the
substrate, so there was no HRP to catalyse the oxidation of H2Q; thus,
no signal current was detected. Therefore, the combination of the
modified tip with long DNA concatemers could amplify the signal

Fig. 2. A. Ten cycles of cyclic voltammetry scanning obtained
with a Pt ultramicroelectrode in 0.1M PBS (pH=7.4) con-
taining 1mM benzoquinone. From top to bottom: first cycle,
fourth cycle and tenth cycle. B. One hundred cycles of cyclic
voltammetry scanning obtained with PEDOT-modified Pt ul-
tramicroelectrode in 0.1M PBS (pH=7.4) containing 1mM
benzoquinone.

Fig. 3. A. Approach curves in 0.1M KCl con-
taining 1mM FcMeOH achieved by 10 μm Pt
ultramicroelectrodes with (red) and without
(blue) PEDOT modification. B. Cyclic voltam-
metry of a Pt ultramicroelectrode with (red)
and without (blue) PEDOT modification. C.
SECM images of an insulting spot on gold
substrate, presenting the absolute values of
current. D. SECM images of an insulting spot
on gold substrate, presenting the normalized
current. The scale bar: 50 μm (For interpreta-
tion of the references to colour in this figure
legend, the reader is referred to the web ver-
sion of this article).
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effectively, enhancing the sensitivity of determination. It should be
stated that other mediators, such as ferrocene derivatives or 2,2'-azi-
nobis-(3-ethylbenzthiazoline-6-sulphonate) (ABTS), can also act as
electron shuttle for HRP, but the PEDOT-modified tip has no catalytic
effect on their redox reactions, resulting in the loss of the meaning to
modify the tip. Therefore, benzoquinone, which could be catalytically

reduced by PEDOT-modified tip, was used as the mediator in this work

3.5. Quantitative measurement of target DNA

The analytical performance of this DNA biosensing platform was
investigated by the approach curves obtained with target DNA at

Fig. 4. A. Approach curves obtained by the unmodified tip on
a traditional sandwich-modified substrate (black curve), the
long DNA concatemer-modified substrate (blue curve) and the
PEDOT-modified tip on the long DNA concatemer-modified
substrate (red curve) in 0.1M PBS (pH=7.4) containing
1mM H2Q and 1mM H2O2. B. Approach curves of the DNA
biosensing platform based on dual signal amplification with
(red) and without (black) 1 μM target DNA in 0.1M PBS
(pH=7.4) containing 1mM H2Q and 1mM H2O2 (For inter-
pretation of the references to colour in this figure legend, the
reader is referred to the web version of this article).

Fig. 5. A. Signal current (ΔI) values varying with the concentrations of target DNA from 0.1 fM to 1 μM. B. Linear correlation between the signal current and target
DNA concentrations from 1 fM to 100 fM. Error bars represent the standard deviation of three experiments.

Table 1
Comparison of detection limit between this work and others.

Methods of amplification Detection limit Reference

Hairpin probe and enzymatic amplification using SECM 17 pM [31]
Structure-aid DNA walker with enzymatic recycling 1 fM [32]
Nanocatalyze using DNA-conjugated Au nanoparticles 1 fM [33]
Exonuclease III-based and gold nanoparticle-assisted 33 pM [34]
PEDOT-based catalyze and long self-assembled DNA concatemers using SECM 0.076fM This work

Fig. 6. Imaging of the DNA biochip in the presence of 1 nM target DNA using the PEDOT-modified tip. The area of the fabricated DNA spot is marked by the black
dotted circle.
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different concentrations in 0.1 M PBS (pH=7.4) containing 1mM H2Q
and 1mM H2O2. As shown in Fig. S3, the positive feedback current
increases with increasing TD concentration, which is associated with
the amount of HRP linked to the long DNA concatemers. To more ac-
curately demonstrate the relationship between the current and the
concentration of TD, the signal current (ΔI) was defined as the differ-
ence between the peak values of the positive feedback current and the
steady current. It is clear that the increased concentration of TD en-
hances the signal value in the range from 0.1 fM to 1 μM (Fig. 5A, 3D
graph was shown in Fig. S5). Furthermore, a linear correlation could be
established between the signal current values and the concentrations of
TD ranging from 1 fM to 100 fM (Fig. 5B). The deduced regression
equation is ΔI = 0.0027cTD+0.7587 (R=0.9969), where cTD is the
concentration of TD. The detection limit is 0.076 fM, as estimated by
the 3σ rule, where σ is the standard deviation of the signal in the blank
solution, displaying a more excellent sensitivity than most existing DNA
biosensing platforms as shown in Table 1 [31–34].

3.6. SECM imaging of DNA biochips

The PEDOT-modified tip was further exploited for the simultaneous
scanning of multiple spots on a biochip. For demonstration, a simple
DNA biochip with two spots was fabricated as reported previously [26].
After positioning the modified tip at 10 μm above the biochip, obvious
positive feedback was obtained for both spots (Fig. 6), indicating that
this modified tip has great potential in high-throughput bioanalysis.

4. Conclusions

In conclusion, a dual signal amplification strategy based on SECM
has been developed for DNA detection using a PEDOT-modified Pt ul-
tramicroelectrode and long self-assembled DNA concatemers. Under the
optimal conditions of polymerization, a PEDOT film was modified on
the Pt tip, and a good catalytic effect towards the reduction of benzo-
quinone was realized. The detection limit of this method could reach
0.076 fM, providing better sensitivity than that achieved with most
DNA biosensing strategies. Additionally, approach curves for verifying
the tip position could be generated with this modified tip. Furthermore,
this method could be applied in scanning a DNA chip, showing great
potential for use in high-throughput bioanalysis with high sensitivity.

Acknowledgements

This work was financially supported by the National Natural Science
Foundation of China (Grant No.21575042).

Appendix A. Supplementary data

Supplementary material related to this article can be found, in the
online version, at doi:https://doi.org/10.1016/j.snb.2019.03.128.

References

[1] S. Amrane, A. Kerkour, A. Bedrat, B. Vialet, M.-L. Andreola, J.-L. Mergny, Topology
of a DNA G-quadruplex structure formed in the HIV-1 promoter: a potential target
for anti-HIV drug development, J. Am. Chem. Soc. 136 (2014) 5249–5252.

[2] J. Wang, X. Cai, G. Rivas, H. Shiraishi, P.A. Farias, N. Dontha, DNA electrochemical
biosensor for the detection of short DNA sequences related to the human im-
munodeficiency virus, Anal. Chem. 68 (1996) 2629–2634.

[3] Y.C. Cao, R. Jin, C.A. Mirkin, Nanoparticles with Raman spectroscopic fingerprints
for DNA and RNA detection, Science 297 (2002) 1536–1540.

[4] X. Mao, Y. Ma, A. Zhang, L. Zhang, L. Zeng, G. Liu, Disposable nucleic acid bio-
sensors based on gold nanoparticle probes and lateral flow strip, Anal. Chem. 81
(2009) 1660–1668.

[5] J. Kwak, A.J. Bard, Scanning electrochemical microscopy. Theory of the feedback
mode, Anal. Chem. 61 (1989) 1221–1227.

[6] C. Lee, J. Kwak, A.J. Bard, Application of scanning electrochemical microscopy to
biological samples, Proc. Natl. Acad. Sci. 87 (1990) 1740–1743.

[7] F. Turcu, A. Schulte, G. Hartwich, W. Schuhmann, Label-free electrochemical

recognition of DNA hybridization by means of modulation of the feedback current
in SECM, Angew. Chemie Int. Ed. 43 (2004) 3482–3485.

[8] P.M. Diakowski, H.-B. Kraatz, Detection of single-nucleotide mismatches using
scanning electrochemical microscopy, Chem. Commun. (2009) 1189–1191.

[9] Z.-Q. Wu, W.-Z. Jia, K. Wang, J.-J. Xu, H.-Y. Chen, X.-H. Xia, Exploration of two-
enzyme coupled catalysis system using scanning electrochemical microscopy, Anal.
Chem. 84 (2012) 10586–10592.

[10] V.S. Joshi, J. Kreth, D. Koley, Pt-decorated MWCNTs–Ionic liquid composite-based
hydrogen peroxide sensor to study microbial metabolism using scanning electro-
chemical microscopy, Anal. Chem. 89 (2017) 7709–7718.

[11] A. Page, M. Kang, A. Armitstead, D. Perry, P.R. Unwin, Quantitative visualization of
molecular delivery and uptake at living cells with self-referencing scanning ion
conductance microscopy-scanning electrochemical microscopy, Anal. Chem. 89
(2017) 3021–3028.

[12] Y. Gu, M.-T. Lai, The potential application of a poly (3, 4-ethylenedioxythiopene)
modified platinum DNA biosensor in mutation analysis, Biosens. Bioelectron. 31
(2012) 124–129.

[13] G.A. Sotzing, J.R. Reynolds, P.J. Steel, Poly (3, 4‐ethylenedioxythiophene)(PEDOT)
prepared via electrochemical polymerization of EDOT, 2, 2′-Bis (3, 4-ethylene-
dioxythiophene)(BiEDOT), and their TMS derivatives, Adv. Mater. 9 (1997)
795–798.

[14] T.Y. Kim, C.M. Park, J.E. Kim, K.S. Suh, Electronic, chemical and structural change
induced by organic solvents in tosylate-doped poly (3, 4-ethylenedioxythiophene)
(PEDOT-OTs), Synth. Met. 149 (2005) 169–174.

[15] I.C. Monge-Romero, M.F. Suárez-Herrera, Electrocatalysis of the hydroquinone/
benzoquinone redox couple at platinum electrodes covered by a thin film of poly (3,
4-ethylenedioxythiophene), Synth. Met. 175 (2013) 36–41.

[16] R.F. Vreeland, C.W. Atcherley, W.S. Russell, J.Y. Xie, D. Lu, N.D. Laude, F. Porreca,
M.L. Heien, Biocompatible PEDOT: nafion composite electrode coatings for selec-
tive detection of neurotransmitters in vivo, Anal. Chem. 87 (2015) 2600–2607.

[17] F.S. Belaidi, A. Civélas, V. Castagnola, A. Tsopela, L. Mazenq, P. Gros, J. Launay,
P. Temple-Boyer, PEDOT-modified integrated microelectrodes for the detection of
ascorbic acid, dopamine and uric acid, Sens. Actuators B Chem. 214 (2015) 1–9.

[18] F. Sekli-Belaidi, P. Temple-Boyer, P. Gros, Voltammetric microsensor using PEDOT-
modified gold electrode for the simultaneous assay of ascorbic and uric acids, J.
Electroanal. Chem. 647 (2010) 159–168.

[19] D.D. Justino, I.L. Torres, R. de Cássia Silva Luz, F.S. Damos, High sensitive micro-
sensor based on organic-inorganic composite for two-dimensional mapping of
H2O2by SECM, Electroanalysis 27 (2015) 1202–1209.

[20] P. Knittel, H. Zhang, C. Kranz, G.G. Wallace, M.J. Higgins, Probing the PEDOT:PSS/
cell interface with conductive colloidal probe AFM-SECM, Nanoscale 8 (2016)
4475–4481.

[21] Y. Ai, V.Q. Nguyen, J. Ghilane, P.-C. Lacaze, J.-C. Lacroix, Plasmon-induced con-
ductance switching of an electroactive conjugated polymer nanojunction, ACS Appl.
Mater. Interfaces 9 (2017) 27817–27824.

[22] B. Csoka, Z. Mekhalif, PEDOT modified carbon paste microelectrodes for scanning
electrochemical microscopy, Croat. Chem. Acta 84 (2011) 407–412.

[23] M.F. Suárez-Herrera, M. Costa-Figueiredo, J.M. Feliu, Voltammetry of basal plane
platinum electrodes in acetonitrile electrolytes: effect of the presence of water,
Langmuir 28 (2012) 5286–5294.

[24] M.F. Suarez-Herrera, J.M. Feliu, Electrochemical properties of thin films of poly-
thiophene polymerized on basal plane platinum electrodes in nonaqueous media, J.
Phys. Chem. B 113 (2009) 1899–1905.

[25] B. Chen, Q. Hu, Q. Xiong, F. Zhang, P. He, An ultrasensitive scanning electro-
chemical microscopy (SECM)-based DNA biosensing platform amplified with the
long self-assembled DNA concatemers, Electrochim. Acta 192 (2016) 127–132.

[26] M.E. Todhunter, N.Y. Jee, A.J. Hughes, M.C. Coyle, A. Cerchiari, J. Farlow,
J.C. Garbe, M.A. LaBarge, T.A. Desai, Z.J. Gartner, Programmed synthesis of three-
dimensional tissues, Nat. Methods 12 (2015) 975.

[27] C.P. Andrieux, P. Audebert, P. Hapiot, J.M. Saveant, Identification of the first steps
of the electrochemical polymerization of pyrroles by means of fast potential step
techniques, J. Phys. Chem. 95 (1991) 10158–10164.

[28] N.K. Guimard, N. Gomez, C.E. Schmidt, Conducting polymers in biomedical en-
gineering, Prog. Polym. Sci. 32 (2007) 876–921.

[29] Allen J. Bard, V. Michael, Mirkin-Scanning Electrochemical Microscopy, Second
Edition-CRC Press, 2012.

[30] H. Fan, X. Wang, F. Jiao, F. Zhang, Q. Wang, P. He, Y. Fang, Scanning electro-
chemical microscopy of DNA hybridization on DNA microarrays enhanced by HRP-
modified SiO2 nanoparticles, Anal. Chem. 85 (2013) 6511–6517.

[31] Z. Zhang, J. Zhou, A. Tang, Z. Wu, G. Shen, R. Yu, Scanning electrochemical mi-
croscopy assay of DNA based on hairpin probe and enzymatic amplification bio-
sensor, Biosens. Bioelectron. 25 (2010) 1953–1957.

[32] H. Chai, J. Xu, J. Xu, S. Ding, Y. Tang, P. Miao, Star trigon structure-aided DNA
walker for amplified electrochemical detection of DNA, Electrochem. Commun. 99
(2019) 51–55.

[33] T. Selvaraju, J. Das, K. Jo, K. Kwon, C.H. Huh, T.K. Kim, H. Yang, Nanocatalyst-
based assay using DNA-conjugated Au nanoparticles for electrochemical DNA de-
tection, Langmuir 24 (2008) 9883–9888.

[34] Q. Fan, J. Zhao, H. Li, L. Zhu, G. Li, Exonuclease III-based and gold nanoparticle-
assisted DNA detection with dual signal amplification, Biosens. Bioelectron. 33
(2012) 211–215.

Xin Ning received a B.S. in Chemistry from East China Normal University (Shanghai,
China) in 2014. He is currently working towards his Ph.D. in Analytical Chemistry at East
China Normal University (Shanghai, China). His interests include the establishment of
biosensing platform based on scanning electrochemical microscopy.

X. Ning, et al. Sensors & Actuators: B. Chemical 290 (2019) 371–377

376

https://doi.org/10.1016/j.snb.2019.03.128
http://refhub.elsevier.com/S0925-4005(19)30494-0/sbref0005
http://refhub.elsevier.com/S0925-4005(19)30494-0/sbref0005
http://refhub.elsevier.com/S0925-4005(19)30494-0/sbref0005
http://refhub.elsevier.com/S0925-4005(19)30494-0/sbref0010
http://refhub.elsevier.com/S0925-4005(19)30494-0/sbref0010
http://refhub.elsevier.com/S0925-4005(19)30494-0/sbref0010
http://refhub.elsevier.com/S0925-4005(19)30494-0/sbref0015
http://refhub.elsevier.com/S0925-4005(19)30494-0/sbref0015
http://refhub.elsevier.com/S0925-4005(19)30494-0/sbref0020
http://refhub.elsevier.com/S0925-4005(19)30494-0/sbref0020
http://refhub.elsevier.com/S0925-4005(19)30494-0/sbref0020
http://refhub.elsevier.com/S0925-4005(19)30494-0/sbref0025
http://refhub.elsevier.com/S0925-4005(19)30494-0/sbref0025
http://refhub.elsevier.com/S0925-4005(19)30494-0/sbref0030
http://refhub.elsevier.com/S0925-4005(19)30494-0/sbref0030
http://refhub.elsevier.com/S0925-4005(19)30494-0/sbref0035
http://refhub.elsevier.com/S0925-4005(19)30494-0/sbref0035
http://refhub.elsevier.com/S0925-4005(19)30494-0/sbref0035
http://refhub.elsevier.com/S0925-4005(19)30494-0/sbref0040
http://refhub.elsevier.com/S0925-4005(19)30494-0/sbref0040
http://refhub.elsevier.com/S0925-4005(19)30494-0/sbref0045
http://refhub.elsevier.com/S0925-4005(19)30494-0/sbref0045
http://refhub.elsevier.com/S0925-4005(19)30494-0/sbref0045
http://refhub.elsevier.com/S0925-4005(19)30494-0/sbref0050
http://refhub.elsevier.com/S0925-4005(19)30494-0/sbref0050
http://refhub.elsevier.com/S0925-4005(19)30494-0/sbref0050
http://refhub.elsevier.com/S0925-4005(19)30494-0/sbref0055
http://refhub.elsevier.com/S0925-4005(19)30494-0/sbref0055
http://refhub.elsevier.com/S0925-4005(19)30494-0/sbref0055
http://refhub.elsevier.com/S0925-4005(19)30494-0/sbref0055
http://refhub.elsevier.com/S0925-4005(19)30494-0/sbref0060
http://refhub.elsevier.com/S0925-4005(19)30494-0/sbref0060
http://refhub.elsevier.com/S0925-4005(19)30494-0/sbref0060
http://refhub.elsevier.com/S0925-4005(19)30494-0/sbref0065
http://refhub.elsevier.com/S0925-4005(19)30494-0/sbref0065
http://refhub.elsevier.com/S0925-4005(19)30494-0/sbref0065
http://refhub.elsevier.com/S0925-4005(19)30494-0/sbref0065
http://refhub.elsevier.com/S0925-4005(19)30494-0/sbref0070
http://refhub.elsevier.com/S0925-4005(19)30494-0/sbref0070
http://refhub.elsevier.com/S0925-4005(19)30494-0/sbref0070
http://refhub.elsevier.com/S0925-4005(19)30494-0/sbref0075
http://refhub.elsevier.com/S0925-4005(19)30494-0/sbref0075
http://refhub.elsevier.com/S0925-4005(19)30494-0/sbref0075
http://refhub.elsevier.com/S0925-4005(19)30494-0/sbref0080
http://refhub.elsevier.com/S0925-4005(19)30494-0/sbref0080
http://refhub.elsevier.com/S0925-4005(19)30494-0/sbref0080
http://refhub.elsevier.com/S0925-4005(19)30494-0/sbref0085
http://refhub.elsevier.com/S0925-4005(19)30494-0/sbref0085
http://refhub.elsevier.com/S0925-4005(19)30494-0/sbref0085
http://refhub.elsevier.com/S0925-4005(19)30494-0/sbref0090
http://refhub.elsevier.com/S0925-4005(19)30494-0/sbref0090
http://refhub.elsevier.com/S0925-4005(19)30494-0/sbref0090
http://refhub.elsevier.com/S0925-4005(19)30494-0/sbref0095
http://refhub.elsevier.com/S0925-4005(19)30494-0/sbref0095
http://refhub.elsevier.com/S0925-4005(19)30494-0/sbref0095
http://refhub.elsevier.com/S0925-4005(19)30494-0/sbref0100
http://refhub.elsevier.com/S0925-4005(19)30494-0/sbref0100
http://refhub.elsevier.com/S0925-4005(19)30494-0/sbref0100
http://refhub.elsevier.com/S0925-4005(19)30494-0/sbref0105
http://refhub.elsevier.com/S0925-4005(19)30494-0/sbref0105
http://refhub.elsevier.com/S0925-4005(19)30494-0/sbref0105
http://refhub.elsevier.com/S0925-4005(19)30494-0/sbref0110
http://refhub.elsevier.com/S0925-4005(19)30494-0/sbref0110
http://refhub.elsevier.com/S0925-4005(19)30494-0/sbref0115
http://refhub.elsevier.com/S0925-4005(19)30494-0/sbref0115
http://refhub.elsevier.com/S0925-4005(19)30494-0/sbref0115
http://refhub.elsevier.com/S0925-4005(19)30494-0/sbref0120
http://refhub.elsevier.com/S0925-4005(19)30494-0/sbref0120
http://refhub.elsevier.com/S0925-4005(19)30494-0/sbref0120
http://refhub.elsevier.com/S0925-4005(19)30494-0/sbref0125
http://refhub.elsevier.com/S0925-4005(19)30494-0/sbref0125
http://refhub.elsevier.com/S0925-4005(19)30494-0/sbref0125
http://refhub.elsevier.com/S0925-4005(19)30494-0/sbref0130
http://refhub.elsevier.com/S0925-4005(19)30494-0/sbref0130
http://refhub.elsevier.com/S0925-4005(19)30494-0/sbref0130
http://refhub.elsevier.com/S0925-4005(19)30494-0/sbref0135
http://refhub.elsevier.com/S0925-4005(19)30494-0/sbref0135
http://refhub.elsevier.com/S0925-4005(19)30494-0/sbref0135
http://refhub.elsevier.com/S0925-4005(19)30494-0/sbref0140
http://refhub.elsevier.com/S0925-4005(19)30494-0/sbref0140
http://refhub.elsevier.com/S0925-4005(19)30494-0/sbref0145
http://refhub.elsevier.com/S0925-4005(19)30494-0/sbref0145
http://refhub.elsevier.com/S0925-4005(19)30494-0/sbref0150
http://refhub.elsevier.com/S0925-4005(19)30494-0/sbref0150
http://refhub.elsevier.com/S0925-4005(19)30494-0/sbref0150
http://refhub.elsevier.com/S0925-4005(19)30494-0/sbref0155
http://refhub.elsevier.com/S0925-4005(19)30494-0/sbref0155
http://refhub.elsevier.com/S0925-4005(19)30494-0/sbref0155
http://refhub.elsevier.com/S0925-4005(19)30494-0/sbref0160
http://refhub.elsevier.com/S0925-4005(19)30494-0/sbref0160
http://refhub.elsevier.com/S0925-4005(19)30494-0/sbref0160
http://refhub.elsevier.com/S0925-4005(19)30494-0/sbref0165
http://refhub.elsevier.com/S0925-4005(19)30494-0/sbref0165
http://refhub.elsevier.com/S0925-4005(19)30494-0/sbref0165
http://refhub.elsevier.com/S0925-4005(19)30494-0/sbref0170
http://refhub.elsevier.com/S0925-4005(19)30494-0/sbref0170
http://refhub.elsevier.com/S0925-4005(19)30494-0/sbref0170


Qiang Xiong received a B.S. in Chemistry from Anhui Normal University (Anhui, China)
in 2014. He is currently working to receive his Ph.D. in Analytical Chemistry at East China
Normal University (Shanghai, China). His research interest is the fabrication of ultra-
microelectrode and its use in scanning electrochemical microscopy.

Tao Wu received a M.S. in Physical Chemistry from Zhejiang Normal University
(Zhejiang, China) in 2017. He is currently working to receive his Ph.D. in Analytical
Chemistry at East China Normal University (Shanghai, China). His research interest is the
cell-based biosensor using scanning electrochemical microscopy.

Fan Zhang received her M.S. in Analytical Chemistry from the Department of Chemistry
at East China Normal University (Shanghai, China) in 2008. From 2008 to 2011, she
worked as a jointly supervised Ph.D. student at the Department of Chemistry in Ecole
Normale Supérieure (Paris, France) and East China Normal University (Shanghai, China).

She is now working in the Department of Chemistry in East China Normal University
(Shanghai, China) as a lecturer. Her research interests include the development of mi-
crofluidic devices and micro/nano electrodes and the study of electric and electro-
chemical responses of cells.

Pingang He is the Vice Secretary-General of the Electrochemical Instrument Committee
in the China Instrument and Control Society; the Director of the Analytical Chemistry
Committee at the Shanghai Society of Chemistry and Chemical Industry; and the East
China Normal University-Branch President of the Shanghai Overseas Returned Scholars
Association. He received his Ph.D. from Fudan University (Shanghai, China) in 1996.
Since 1998, he has been working as professor at East China Normal University (Shanghai,
China). His research interests include biosensors, preparation and application of nano-
materials, electrochemistry/in situ electrochemistry of scanning probe, capillary elec-
trophoresis/electrochemical detection, novel electrochemical analytical instrument.

X. Ning, et al. Sensors & Actuators: B. Chemical 290 (2019) 371–377

377


	A dual signal amplification strategy based on scanning electrochemical microscopy for DNA biosensing using a PEDOT-modified ultramicroelectrode and long self-assembled DNA concatemers
	Introduction
	Material and methods
	Reagents and materials
	Electrochemical polymerization process and characterization of the PEDOT-modified ultramicroelectrode
	Self-assembly of long DNA concatemers on the SECM substrate
	SECM measurement using the PEDOT-modified ultramicroelectrode
	SECM imaging of DNA biochips

	Results and discussion
	Characterization of polymerization process and modified tip
	Optimization of tip-modified condition and the stability of the modified tip
	Feedback mode achieved by the modified tip
	Dual-catalytic signal amplification
	Quantitative measurement of target DNA
	SECM imaging of DNA biochips

	Conclusions
	Acknowledgements
	Supplementary data
	References




