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Amplified impedimetric aptasensor combining
target-induced DNA hydrogel formation with
pH-stimulated signal amplification for the
heparanase assay†

Zhe-Han Yang, Ying Zhuo, Ruo Yuan* and Ya-Qin Chai*

Herein, a novel electrochemical impedimetric biosensor for the heparanase (HPA) assay was developed

based on target protein-induced DNA hydrogel formation, followed by pH-stimulation of the hydrogel

density to increase the signal amplification. The method involved the synthesis of two different copolymer

chains, consisting of two cooperatively functioning cross-linking elements, where one element was

associated with the HPA-response and the other one with the pH-response. Initially, single-strand DNA as

a capture probe was modified on the electrode surface. In the presence of HPA, the HPA-responsive

element binding to HPA-induced DNA hybridization between the two copolymer chains and captured

DNA, giving rise to the formation of a low-density polymer hydrogel film on the electrode surface and it

obtaining an obvious impedimetric response. A significant signal enhancement was observed when

changing the pH of the hydrogel film to 5.0, which could be ascribed to the fact that the pH-responsive

element can fold into four-stranded i-motif structures at pH 5.0, leading to the increase in density of the

hydrogel film. By implementing the DNA hydrogel to induce an impedimetric response change, this impe-

dimetric biosensor exhibited an excellent analytical performance towards the HPA quantitative assay, with

a low detection limit of 0.003 pg mL−1. This new method provides a versatile signal amplification method

and paves a new way to construct impedimetric sensors for bioassays.

Introduction

Electrochemical impedance spectroscopy (EIS), a label-free
electrochemical technique for analyzing electrode-solution
interfacial electron transfer, has attracted a great deal of atten-
tion in the characterization of materials, corrosion science,
fuel cells and batteries.1 Since EIS has a less destructive effect
on the measured biological interactions, a series of efforts has
been made to apply EIS in the construction of impedimetric
biosensors for the quantification of biomolecular activity.2

Initially, the impedance changes of impedimetric biosensors
only depended on the target’s nonconductive property, thus
limiting detection sensitivity.3–6 However, recently, a signal
amplification strategy based on enzymatic biocatalytic precipi-
tation has been widely implemented in the construction of

impedimetric biosensors, because the precipitation exhibits
greater resistance than the target itself for the electron transfer
of redox probes.7,8 However, biomolecular activity, especially
enzyme activity, suffers from the influence of the generated
precipitation, which causes a poor biocompatibility of these
methods.9–11 Hence, the search for a new method and signal
amplification strategy to construct a biocompatible as well as
sensitive impedimetric biosensor is still highly desired.

Hydrogels, which comprise 3D network polymers, have
received increasing attention in chemistry, biology and medi-
cine for their good biocompatibility, flexibility and mechanical
stability.12–15 Recently, DNA, as an intelligent material, has
been used to prepare smart hydrogels, including “all DNA”
hydrogel and DNA-modified polymer hydrogel.16–19 These
DNA-based hydrogels can provide the following three outstand-
ing advantages: (1) the hydrogel is biocompatible and
sequence programmable;20,21 (2) the hydrogel can respond to
appropriate stimuli, such as pH,22 light23 and metal ions,24,25

by designing the corresponding responsive DNA; (3) hydrogel/
solution transitions can be purposely controlled by stimuli-
responsive DNA.26 Therefore, DNA-based hydrogels have begun
to be applied in various fields, including controlled drug deliv-
ery and release,27 the activation of biocatalytic cascades,28 the
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controlled release of enzymes,29 preparation of shape-memory
materials30 and in visual biosensors.31–33 However, to date, the
application of DNA hydrogels in electrochemistry has rarely
been reported. Very recently, Gibbs et al. assembled a DNA
hydrogel containing ferrocene on the surface by a hybridiz-
ation reaction to electrochemically detect DNA.34 Willner’s
group reported a DNA hydrogel with switchable electrocatalytic
properties through integration of a K+ ion/crown ether and a
hemin/Gquadruplex assembled on the surface by hybridization
chain reaction.35 Although DNA hydrogels can be assembled
on a surface by DNA–DNA hybridization, both the electro-
catalytic and electrochemical efficiency is affected by the
hydrogel itself and this can greatly hinder electron transfer on
surfaces. Specifically, this hindering effect increases with
increasing the hydrogel density. On the basis of the above
observations, an impedimetric biosensor may be developed by
assembling a DNA hydrogel on a surface, and then a signal
amplification strategy can be designed by increasing the
hydrogel density. To the best of our knowledge, so far, there is
no report focusing on using DNA hydrogels for the construc-
tion of an amplified impedimetric biosensor.

Heparanase (HPA) is a mammalian endo-β-D-glucuronidase
that is related to tumour metastasis, development and inva-
sion, thereby presenting as a potential target in cancer thera-
pies.36 Thus, the monitoring of concertation HPA plays an
important role in cancer treatment. In a previous study,
various methods, including ELISA and fluorescence assay,
were reported for HPA detection.37,38 To enhance sensitivity,
herein, an amplified impedimetric biosensor was developed
for monitoring HPA based on target-induced and pH-regulated
DNA hydrogel. The principle of our work is illustrated in
Schemes 1 and 2. Three acrydite-modified DNA strands were
programmed to yield the polymer wire, in which S1 and S2
complement each other with fifteen nucleotides, while S3
including the cytosine-rich sequence can fold and form a
bimolecular “i-motif” structure through protonated cytosine–
cytosine (C : C+) base-pairing below pH 6.3.39 Accordingly, the
polymer P1 was synthesized by copolymerizing acrylamide
monomer units with S1 and S3. Then the S1 fragment in
P1 hybridized to HPA aptamer with the formation of a stable
S1/aptamer duplex to prepare a recognition polymer. The
polymer P2 was synthesized by copolymerizing acrylamide
monomer units with S2 and S3. The amino-S4, as a capture
probe that is partially complementary to the S1 fragment in

the recognition polymer was modified on a Au-coated
electrode surface. When only dropping the recognition
polymer and P2 onto the modified-electrode surface, S1 could
not hybridize to S2 and S4 since both the complementary
sequences between S1 and S2, and the complementary
sequences between S1 and S4 are shorter than that between S1
and the HPA aptamer. As a result, no hydrogel is formed on
the surface of the electrode. However, upon the addition of
HPA, S1 can be released from the S1/aptamer duplex by HPA
protein–aptamer binding, which triggered the hybridization of
S2 and S4 with the S1 fragment, giving rise to the formation of
cross-linked polymer hydrogel films on the electrode surface.
Therefore, an impedimetric response that is associated with
the HPA concentration is read out. Moreover, the impedimetric
signal can be further enhanced by increasing the hydrogel
density by changing the pH to 5.0, resulting in a high sensi-
tivity of the impedimetric biosensor. This new method paves a
new way to construct impedimetric sensors for bioassays.

Results and discussion
UV-visible absorption spectra analysis

As mentioned above, the recognition polymer and P2 were pre-
pared by copolymerizing acrydite–DNA with acrylamide resi-
dues. To confirm this process, we used UV-vis absorption
spectra to investigate the change in the absorption maximum
of the different species. As shown in Fig. 1(A), curve a shows

Scheme 1 Synthesis of the acrylamide–acrydite–DNA polymer P1, P2
and a recognition polymer.

Scheme 2 The HPA-induced DNA hydrogel film formation on Au-
coated GCE surface, and pH-stimulation of the hydrogel film density for
increased signal amplification.

Fig. 1 (A) UV-vis absorption spectrum of: DNA (a), acrydite–DNA (b),
acrydite monomer (c), acrydite polymer (d) and DNA-modified acrydite
polymer (e). (B) CD spectra corresponding to: the acrylamide hydrogel
structure at pH 8.0 (black line) and at pH 5.0 (red line).
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the UV-vis absorption spectrum of DNA, and here, a distinct
spectral profile with an absorption maximum at 260 nm was
observed. However, the absorption position of the same DNA
sequence with the acrydite shifted slightly towards shorter
wavelength regions is seen with curve b, with the absorption
maximum wavelength at 251 nm. This result might be caused
by introducing an acrydite group. Curve c shows the absorp-
tion spectrum of the acrydite monomer, it can be seen that the
absorption maximum wavelength is at 245 nm. Once the acry-
dite monomer is copolymerized, the absorption maximum
wavelength is achieved at 223 nm (curve d). The absorption
position was shifted towards shorter wavelength regions in
comparison with acrydite monomer due to the π-conjugated
system disappearing in the polymer. When acrydite–DNA was
copolymerized with acrylamide monomers, a wide absorption
band could be observed (curve e). The reason for this might be
most likely a consequence of the fact that both the DNA and
acrydite polymer simultaneously exist in the DNA-modified
polymer and both absorb the visible light.

Circular dichroism spectroscopy analysis

The hydrogel formed at pH 8.0 by duplex nucleic acid bridges
and the pH-induced formation of four-stranded i-motif units
at pH 5.0 were supported by circular dichroism (CD) measure-
ments, as seen in Fig. 1B. The CD spectrum of the hydrogel at
pH 8.0 is depicted by curve a, where it can be seen that the
hydrogel shows a positive band at 268 nm, which represents a
standard duplex CD spectrum.40 Subjecting the pH of the
hydrogel to 5.0 results in a positive band at 288 nm (curve b),
which is consistent with the reported spectrum of a four-
stranded i-motif structure,41 indicating the formation of four-
stranded i-motif structures at pH 5.0. These results gave
additional evidence that the density increase of the hydrogel
was indeed induced by the motion of the i-motif DNA motors,
as designed.

Characterizations of the hydrogel on the surface

The 3D network structure of the hydrogel and the pH-induced
pore size transition were investigated by using SEM. In the
hydrogel system of the cross-linked polymer backbones, the
resulting pores provide the host environment for the water
nanodroplets. A porous network structure would be obtained
after freezing these water nanodroplets and subliming them
under vacuum. As shown in Fig. 2A, the freeze-dried hydrogel
revealed very large pores surrounded by the polymer, and a
network structure can be obviously observed. Interestingly, the
insert image shows that the network backbone also exhibits a
pore structure. After changing the pH of the hydrogel film to
5.0 by incubating tris-HAc (pH 5.0, Fig. 2B), a denser structure
of 3D network and a smaller diameter of pore could be
observed, indicating that the pH could indeed induce a pore
size transition, because the S3 i-motif yields a high degree
cross-linking polymer network system.

To show the fine structural changes in the hydrogel
backbone under different pH values, AFM measurements
were conducted. Fig. 2C shows an AFM image of the HT/S4/Au-

modified surface, where the surface tends to show a granular
morphology. When the 3D network hydrogel film is formed on
the HT/S4/Au surface, the granular morphology disappears
(Fig. 2D). More importantly, a hydrogel backbone with a high
porosity and large pore diameter also can be clearly observed.
After the hydrogel film is immersed in the tris-HAc buffer
(pH 5.0) for 2 h, a hydrogel film backbone with a narrow pore
diameter is formed, as shown in Fig. 2E.

Studies of the modified GCE

The aptasensor surface at each fabrication step was character-
ized by EIS in 2.5 mM of [Fe(CN)6]

3−/4−. Nyquist plots show
a semicircle, in which the straight line corresponds to the
Warburg-impedance (Zw) and the diameter corresponds to the
charge-transfer resistance (Rct). The experimental results are
shown in Fig. 3. Here, compared with the bare GCE (curve a),

Fig. 2 Freeze-dried SEM images corresponding to: (A) the hydrogel
formed on the surface at pH 8.0, and (B) the dense structure generated
at pH 5.0. AFM images are present to show the detailed hydrogel back-
bone structure corresponding to: (C) the HT/S4/AuNPs modified
surface, (D) the hydrogel formed on the surface at pH 8.0, and (E) a
denser structure generated at pH 5.0.

Fig. 3 EIS (A) and CV (B) of different modified electrodes in PBS buffer
containing 2.5 mM [Fe(CN)6]

3−/4−: (a) bare GCE; (b) Au/GCE; (c) S4/Au/
GCE; (d) HT/S4/Au/GCE; (e) hydrogel/HT/S4/Au/GCE. Photograph of
the mixture of P2 and the recognition polymer at pH 8.0 (C), the mixture
of P2, the recognition polymer and HPA at pH 8.0 (D), the mixture of P2,
the recognition polymer and HPA at pH 5.0 (E).
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the Rct value of the AuNP-layer-modified GCE (curve b) is
remarkably decreased. This result can be ascribed to the AuNP
layer not only contributing to the increase in the charge-
transfer rate but also enhances the electrode effective area.
After the amino-modified S4 was connected to AuNP, the Rct
value is increased because of the additional negative charge
from the nucleic acid strand (curve c). Once HT as a blocking
agent was incubated on the modified electrode, a further
increase in Rct was observed (curve d). When P2, the reco-
gnition polymer and HPA were incubated, the Rct value was
increased greatly, indicating that the target HPA successfully
induced the formation of the hydrogel on the modified-
electrode surface (curve e). CV was also used to further provide
information about the preparation of the aptasensor. The
results are presented in Fig. 3B. It can be seen that the
information provided by the current changes agreed with
that of the Rct value change, indicating that the aptasensor was
successfully constructed.

In addition, Fig. 3C shows a photograph of the mixture of
P2 and the recognition polymer, in which a liquid phase can
be observed. When introducing HPA into the mixture solution,
phase translation could not observed with the naked eye, indi-
cating that HPA recognition could only induce low-density
hydrogel formation, which was not enough to trigger an
obvious phase translation (Fig. 3D). After changing the pH to
5.0, a hydrogel with a high density could be observed,
suggesting that the pH could indeed stimulate the density of
the hydrogel to increase (Fig. 3E).

pH-Stimulated density increase of the hydrogel for signal
amplification

S3 contained in the hydrogel film can fold and form a bimole-
cular four-stranded i-motif structure below pH 6.3, resulting in
a more stable and denser hydrogel film on the surface for
amplifying the EIS signal. First, the pH value of the tris-HAc
buffer and the incubation time were optimized to obtain the
maximum value of EIS intensity signal, as shown in Fig. S3.†
Then, a comparison of the EIS response before and after chan-
ging the pH of the hydrogel film to 5.0 was investigated. As
shown in Fig. 4A, curve a revealed the EIS response when HPA

induced the formation of the hydrogel film on the electrode
surface. After changing the pH of the hydrogel film to 5.0, the
Rct value was increased by 168% (curve b). These results indi-
cate that the pH-stimulated formation of i-motif structures of
S3 indeed enhanced the hindrance of electron transfer and
amplified the EIS signal.

Estimation of the effect of S4 and HPA protein on the
formation of the hydrogel film

Because physical adhesion of the hydrogel on the surface was
unstable in this system, S4 as a capture DNA was immobilized
on the electrode surface to stabilize the hydrogel on the elec-
trode surface by forming an S4/S1 duplex. To verify this issue,
a control experiment was designed, where the electrode modi-
fication process was the same as the proposed aptasensor
except for no S4 immobilization. As shown in Fig. 4B, the EIS
value of the control experiment (curve b) was close to that of
HT/S4/Au/GCE (curve a), but significantly less than the EIS
value of the proposed aptasensor (curve d). The reason for this
might be ascribed to the fact that a hydrogel film was not
formed on the electrode surface when no S4 is immobilized,
demonstrating that S4 played a vital role in the formation of
the hydrogel film on the surface of the electrode. In addition,
to investigate the effect of the aptamer–HPA protein reco-
gnition on formation of the hydrogel film, a blank experiment
was conducted. Curve c shows the experimental result of this,
and it can be seen that the EIS response was also close to that
of HT/S4/Au/GCE, but greatly less than the proposed apta-
sensor. This result confirmed the fact that the aptamer–HPA
protein recognition induced the formation of the hydrogel
film on the electrode surface.

CVs behaviour at different scan rates

CVs at different scan rates were conducted to further investi-
gate the electron transfer process in the hydrogel-film-
modified electrode. As can be seen from Fig. 5A, the redox
peak current and potential gap increased with increasing the
scan rates. Furthermore, both the anodic and cathodic peak
currents were proportional to the square root of scan rate (v1/2)
in the range of 10–300 mV s−1 and showed a good linear
relationship (Fig. 5B). The results demonstrate that the whole
electrochemical process of the hydrogel-film-modified elec-
trode was controlled by diffusion. The electrochemical behav-
iour was consistent with a 3D-nanoporous-material-modified
electrode reported in previous studies.40

Performance of the aptasensor

To test the sensitivity of the aptasensor, a series of HPAs with
various concentrations were determined. As shown in Fig. 5C,
an increase in the relative EIS value with a higher concen-
tration of target HPA was observed. This was attributed to the
fact that a higher concentration of target HPA causes a larger
amount of hydrogel to be formed on the electrode surface,
resulting in a higher EIS signal response. In addition,
the detection sensitivities were determined to be 0.3 pg mL−1

with a linear range of 0.001 ng mL−1–10 ng mL−1 and

Fig. 4 (A) EIS response in PBS buffer (pH 7.0) containing 2.5 mM [Fe
(CN)6]

3−/4−when the hydrogel film is formed on the modified-electrode
surface at pH 8.0 (curve a) and after changing the pH of the hydrogel
film to 5.0 (curve b). (B) Comparison of the EIS responses of different
modified electrodes: (a) HT/S4/Au/GCE; (b) recognition polymer, P2,
HPA/HT/Au/GCE; (c) recognition polymer, P2/TH/S4/Au/GCE; (d) reco-
gnition polymer, P2, HPA/HT/S4/Au/GCE.
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0.003 pg mL−1 with a linear range of 0.01 pg mL−1 to
20 ng mL−1 before and after pH-stimulation, respectively.
The sensitivity improvement was achieved owing to S3 self-
assembling at pH 5.0 into an i-motif structure, also increasing
the density of hydrogel films. This results in an amplified
EIS response after incubation of the same concentration
of target HPA as compared to a biosensor without pH-
stimulation. Furthermore, both the detection limit and linear
range are superior or comparable with those of existing
protein electrochemical assays described in the literature
(Table 1).

To evaluate the aptasensor in our assay for the selectively
targeted HPA, three unrelated proteins, including thrombin
(TB), haemoglobin (IGg) and procalcitonin (PCT), were
assessed by comparing the EIS signals of the modified elec-
trode incubated with the three proteins to that of the target
HPA under the same experimental conditions (Fig. 6). An
excessive unrelated proteins concentration of 100 nM was used
to test the aptasensor specificity. It was found that the EIS
signals from the experiments involving IGg, TB and PCT were
similar to the blank control. In contrast, the EIS signal from
the detection of HPA was about 10-fold higher than the signals

of these unrelated proteins. These experimental results
indicate the high specificity of our aptasensor for target HPA
recognition and for subsequent electrochemical detection.

To evaluate the stability of the proposed biosensor, a long-
term stability experiment was also performed via storing the
biosensor at 4 °C and assaying every 4 days. Five of the
aptasensors with 1.0 ng mL−1 HPA were determined under the
same experimental conditions. After 20 days, the EIS responses
retained 91.2%, 93.3%, 94.7%, 90.1% and 94.9% of their
initial EIS values, indicating that the aptasensor had good
stability. The results demonstrate that the hydrogel film could
be stabilized on an electrode surface by using a DNA duplex to
immobilize the hydrogel film.

Clinical serum samples analysis

After establishing the detection sensitivity and specificity
towards the target HPA, we then challenged the assay in
human serum sample to investigate aptasensor performance
with more complex biological samples. First, 1 mL healthy
human serum samples were diluted with 0.1 M PBS (pH 7.0)
to reach a final volume of 10 mL. Then, the obtained human
serum sample was used to dilute a serious of concentrations
of standard HPA samples. After that, the prepared aptasensor
was incubated with the above HPA samples to assess the influ-
ence of the serum samples for the HPA assay. Table 2 shows
the experimental results, where it can be seen that the recovery
varied from 90.2% to 110% and the RSDs ranged from 7.36%
to 9.35%. These results clearly suggest that our proposed
aptasensor could be applied for the HPA assay in complex
biological samples.

Table 1 Comparison of the proposed aptasensor with other reported impedimetric biosensors

Sensor type Detection limit (ng mL−1) Detection range (ng mL−1) Ref.

EIS signal change induced by target itself 0.006 0.004–40.3 41
EIS signal change induced by target itself 0.08 0.17–16.5 42
EIS signal change induced by target itself 0.002 0.01–10 43
EIS signal change induced by enzymatic biocatalytic precipitation 0.05 0.01–30 44
EIS signal change induced by enzymatic biocatalytic precipitation 3.8 × 10−4 5.0 × 10−4–40 45
EIS signal change induced by DNA hydrogel 3.0 × 10−6 1.0 × 10−5–20 This work

Fig. 5 (A) CV response in PBS buffer containing 2.5 mM [Fe(CN)6]
3−/4−at

different scan rates: 10, 50, 100, 150, 200, 250 and 300 mV s−1. (B) Plots
of the redox peak currents vs. the different scan rates. (C) EIS responses
of the proposed aptasensor after incubation with different concen-
trations of HPA. (D) Signal responses of the aptasensor to the concen-
tration of HPA.

Fig. 6 The specificity of the impedimetric aptasensor.
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Conclusion

In summary, the present study developed a novel amplified
impedimetric aptasensor by generating DNA hydrogel films
on an electrode surface. Through target HPA-induced DNA
hydrogel formation on the electrode surface, an obvious
impedimetric response could be obtained for the inherent
nonconductive property of the hydrogel. Simultaneously, the
impedimetric signal could be further enhanced by changing
the pH value to increase the density of the pH-responsive
hydrogel, which significantly improved the analytical sensi-
tivity of the impedimetric biosensor. Additionally, with the
introduction of the hydrogel into an impedimetric biosensor,
the biocompatibility was improved. Moreover, this method can
potentially be further extended to the portable quantitative
detection of various targets, including metal ions, protein,
DNA and microRNA, by replacing the target-responsive DNA.
In view of these advantages, such systems may create a new
method to construct impedimetric biosensors.

Experimental
Live subject statement

All the studies involving live subjects were carried out under
the guidance of the Experiment Management Committee of
Southwest University and approved by the Institutional Ethical
Committee. All the experiments were performed in compliance
with the relevant laws and institutional guidelines.

Synthesis of the acrylamide copolymer chain

Acrydite-modified DNA was used to synthesize the copolymer
chains.35 As shown in Scheme 1, the recognition polymer was
prepared by adding 60 µL of S1 (100 µM), 80 µL of S3
(100 µM), 80 µL of aptamer (100 µM) and 25 µL of acrylamide
(40%) into 175 µL of buffer solution (Tris-HCl, 10 × 10−3 M,
pH 8.0). P2 was prepared by adding 60 µL of S2 (100 µM),
80 µL of S3 (100 µM) and 25 µL of acrylamide (40%) into
235 µL of buffer solution (Tris-HCl, 10 × 10−3 M, pH 8.0).
Then, nitrogen was bubbled through the above two solutions
for 3 min, respectively. Subsequently, 4 µL of the initiator
(100 µL initiator solution containing 10 mg APS and 5 µL
TEMED) was added to the two prepared solutions, respectively.
The two samples were allowed to polymerize at room tempera-
ture for 5 min and were then incubated at 4 °C for a time
interval of 12 h to form the copolymer chains. Finally, the
resulting polymers’ recognition polymers and P2 were filtered

through a MWCO 30 kDa column to eliminate unpolymerized
strands monomer units, salts and initiator, and the resultant
solution was then stored at 4 °C for further use.

Electrochemical impedimetric detection of HPA

First, GCE with a mirror-like surface was obtained by polishing
it with 0.3 and 0.05 μm alumina powder. After that, the GCE
was sonicated in ultrapure water and rinsed thoroughly. The
AuNP-layer-modified GCE was obtained by soaking the clean
GCE in HAuCl4 solution (1%, w/w) and electrodepositing at
−0.2 V for 30 s. Then, NH2-terminated S4 (10 μL, 2.5 μM) was
immobilized on the electrode surface by Au–N bonds after
incubation for 16 h at room temperature. To block the remain-
ing active sites, HT solution (10 μL, 1%, w/w) was incubated
on the surface of the modified electrode for 40 min.
Subsequently, the recognition polymer (6.7 μL), P2 (6.7 μL)
solution and HPA (6.7 μL) standard solution with different
concentrations were dropped onto the resulting electrode
surface and incubated for 2 h at room temperature. To remove
the physically adsorbed species, the modified electrode was
thoroughly cleaned with ultrapure water. Finally, a tris-HAc
buffer solution that included sodium chloride (0.5 M) and
magnesium chloride (0.1 M), pH 5.0 was dropped onto the
electrode surface and reacted for 2 h. The electrochemical
signal was carried out in 2.5 mM [Fe(CN)6]

3−/4− (pH 7.0),
which gave the quantitative criteria for the electrochemical
detection of HPA.

Electrochemical measurements

EIS was conducted over a frequency range from 10 kHz to
0.1 Hz using an alternative voltage with an amplitude of 5 mV
superimposed on a dc potential of 0.22 V. The obtained EIS
spectra were fitted by using ZSimpWin electrochemical impe-
dance modelling software to a modified Randles equivalent
circuit. The CV experiments were conducted at a scan rate
of 100 mV s−1. Both the EIS and CV measurements were
recorded in 0.01 M PBS buffer solution containing 2.5 mM
[Fe(CN)6]

3−/4− redox pair (1 : 1 molar ratio).
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