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ARTICLE INFO ABSTRACT

Natural ion channels on cell membrane can gate the transport of ions and molecules by the conformational alteration
of transmembrane proteins to regulate the normal physiological activities of cells. Inspired by the similarity of the
conformation change under specific stimuli, here we introduce an ion channel gating model on a single nanoelec-
trode by anchoring DNA-gated switches on the very nanotip of gold nanoelectrode to mimic the response-to-stimulus
behaviors of ion channels on bio-membranes. The surface-tethered DNA ion channels can be switched on by the
Watson-Crick base pairing, which can alter the conformation of the tethered DNA from lying state to upright state.
And these conformational alterations of the anchored DNA switches can effectively gate the transport of potassium
ferricyanide onto the electrode interface. By continuously initiating the gates with DNA of different concentrations,
we achieved the stepping gating of ion channels on a single nanoelectrode. Further, we demonstrated that the ion
gating system on nanoelectrode showed excellent sensing performance. For example, the response kinetic was very
fast with the signal saturation time of ~1 min, the reproducibility of the OFF/ON switch was robust enough to sustain
for two cycles, and simultaneously, the specificity was high enough to distinguish complementary DNA and non-
complementary DNA. When used for label-free DNA detection, the limit of detection can be as low as 10 pM. This
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study provides a promising avenue to achieve label free and real-time detection of multiple biomolecules.

1. Introduction

As a natural ion channel on biological membrane, transmembrane
protein can gate the exchange of substances extracellularly and in-
tracellularly upon extracellular stimuli by changing its conformation,
such as the ligand binding-induced conformational alteration of receptor
protein and voltage-sensitive transmembrane protein with variable
structure (Unwin, 1993; Weyand and Iwata, 2010). Learning from
nature, researchers have developed a variety of biomimetic response-to-
stimulus ion channels, for example, using pH (Wang et al., 2017), voltage
(Rant et al., 2007), temperature (Iftinca et al., 2006), ions (Wu et al.,
2018) and light (Jia et al., 2016) as triggers to initiate the ionic gates for
various applications including biosensing and sequencing. However,
most of these previous ion channel gating systems are achieved by one-
step initiation. And few reports explored the sensing property of the
stepping gating system and used it for label-free detection.

Of particular interest, DNA or aptamers have been drawn extensive
attentions by researchers due to its high controllability, high precisions,
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and high recognition capability (Abi et al., 2014; Bell et al., 2012; Plesa
et al., 2014; Su et al., 2016; Wei et al., 2012; Song et al., 2019). Besides,
DNA-based electrochemical sensors have been widely used for multi-
molecular level detection including DNA (Abi et al.,, 2018; Barati
Farimani et al., 2017; Das et al., 2016; Drummond et al., 2003; Fan
et al., 2003; Xia et al., 2010), RNA (Ge et al., 2014; Lin et al., 2014;
Mohamadi et al., 2015), proteins (Li et al., 2018) and small molecules
(Adeel et al., 2019; Gorodetsky et al., 2008; Lin et al., 2016). However,
most of the DNA electrochemical sensor is accomplished on gold mac-
roelectrode interface. Sensing property of DNA probes modified on
other sensing substrates should be further explored. Up to date, mul-
tiple conductive substrates have been developed during the past few
years, such as elemental-doped mesoporous carbon nanosheets (Emran
et al., 2018; Morgese et al., 2018) and nanoelectrodes (Wang et al.,
2018). Attracted by its unique properties, such as high spatial resolu-
tion (Arbault et al., 2004; Clausmeyer and Schuhmann, 2016; Wu et al.,
2005), fast mass-transfer rate (Heinze, 1993; Jung et al., 2018; Wipf
and Wightman, 1988), low IR drop (Lambie et al., 2007),
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nanoelectrodes have been drawn extensive attention during the past
few decades for achieving real-time monitoring of neurotransmitter
secreted by neuron (Adams, 1990). It is worth mentioning that DNA
anchored on such nanoelectrode interface showed prominent ion gating
effect for small molecules, for example, potassium ferricyanide. And
such prominent ion gating effect is indiscernible on macroelectrode.
Based on the previous study (Liu et al., 2010), it is the unique nanoscale
shape of the nanoelectrode that contributes to the ion gating effect.

Motivated by such ion gating effect of DNA anchored on nanoelec-
trode, here in this work, we constructed an ion gating system on gold
nanoelectrode by anchoring single-stranded DNA (ssDNA) on the inter-
face of it. The gold nanoelectrodes with uniform sizes can be obtained by
using electrochemical etching technique. And the single-stranded DNA
was anchored onto the interface of the gold nanoelectrode by the in-
teraction between gold and thiol. Due to the fact that ssDNA is a flexible
“soft” polymer and duplex DNA (dsDNA) is a “rigid” polymer (Bosco
et al., 2012; Fan et al., 2003). The lying conformation of soft ssDNA
capped the nanotip of the nanoelectrode tightly, with blocking the
transport of potassium ferricyanide onto the interface of nanoelectrode.
When triggered by the complementary DNA with different concentra-
tions, the lying soft ssDNA on the nanoelectrode changes to rigid upright
dsDNA gradually, which can initiate the ion gate switching on step-by-
step, and simultaneously potassium ferricyanide can transport onto na-
noelectrode and produce prominent redox current (Scheme 1). Inter-
rogating the ion gating effect on nanoelectrode by electrochemical
method, we demonstrated that the ion gating system on nanoelectrode
possessed excellent sensing properties including fast response kinetics,
high specificity and robust reproductivity. And using the ion gating ef-
fect, we could achieve the real-time detection of label-free DNA. This
study provides a promising approach to accomplish real-time detection
of label-free DNA or other biomolecules.

2. Materials and methods
2.1. Chemicals and Materials

All oligonucleotides were synthesized and purified by Sangon Biotech
Co. Ltd (Shanghai, China). Hydrochloric acid (37%) was purchased from
Suzhou Crystal Clear Chemical Co., Ltd. Tris (2-carboxyethyl)-phosphine
hydrochloride (TCEP) and 6-mercaptohexanol (MCH) were purchased
from Sigma-Aldrich (St. Louis, MO). AuNPs of 15 nm was purchased from
Ted Pella, Inc. The Au microwires with the diameter of 0.25mm
(99.999% purity) were gained from China New Metal Materials
Technology Co., Ltd. All other inorganic chemical reagents were pur-
chased from Sinopharm Chemical reagent Co., Ltd and were used
without further purification. All solutions were prepared with Milli-Q
water (18 MQ cm resistivity) from a Millipore system. DNA sequences of
the oligonucleotides employed in this work (5’-3") are as follows,
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Capture probe: SH-ATGATGTTCGTTGTGTAGGATTTGC

Target DNA: GCAAATCCTACACAACGAACATCAT

Oligo 3: SH-TTTTTTTTTTGCAAATCCTACACAACGAACATCAT
Oligo 4: SH-GAAACCCTATGTATGCTCTTTTTTT
Noncomplementary DNA (Oligo 5): CACTCAATCCTCATCAATCTT
ACTC

2.2. Apparatus

All the electrochemical experiments were carried out on a CHI 660E
Electrochemical Workstation (CH Instruments Co., Ltd. Shanghai,
China). Conventional three electrodes system where Ag/AgCl (3 M KCl)
electrode as reference, Pt electrode as counter and gold nanoelectrode
as work electrode, was used for all electrochemical detection. The
electrochemical experiments were performed in the CHI 200B micro-
current amplifier and screen box. Scanning electron microscopy (SEM)
images of the nanoelectrode tips were gained by the LEO 1530VP
(Germany). Transmission electron microscopy (TEM) images of the
nanoelectrode were obtained by the Tecnai G2 F20 S-TWIN (America).

2.3. Fabrication of single Au nanoelectrode

The gold nanoelectrodes was constructed by electrochemical etching
in three steps (Ren et al., 2004; Wightman, 2006). Firstly, the Au wires
with the diameter of 0.25 mm were ultrasonically rinsed with Milli-Q
water, acetone and analytical grade ethanol, respectively. The 0.25 mm
gold wires were stored in the ethanol/hydrochloric acid solution (1:1),
and a DC potential of 2.2 V was applied between the Au wire and the Au
ring (8 mm in diameter) counter electrode. Chronoamperometry (i-t) was
used to record the current change in real-time during the gold etching
process (tip 1). Secondly, the nanoelectrode were insulated with cathodic
electrophoretic paint by electrodeposition in the DC potential of 30V,
40V and 80V (tip 2) with the mass ratio of cathodic paint to ultrapure
water 1:4. Thirdly, the electrode was dried in a baking oven under 105 °C
for 30 min to solidify the paint decorated on the interface of nanoelec-
trode and expose the very nanotip of the nanoelectrode. The exposed
nanotip of the nanoelectrode can be regulated by simply adjusting the
electrodeposition times and the drying time (tip 3).

2.4. The fabrication of the self-assembled monolayer on nanoelectrodes

Firstly, the fresh-constructed nanoelectrode was incubated in the
mixture containing 5 uM capture probe DNA and 500 nM MCH at room
temperature for 7 h. Probe DNA and MCH were diluted with the buffer
containing 10 mM Na,HPO,, 10 mM NaH,PO,, 20 mM MgCl,, 1M
NaCl, (pH=7.4). Then, the tip was rinsed with 10 mM PBS (10 mM
Na,HPO,4, 10 mM NaH,PO,4, 100 mM NaCl, pH=7.4), to decrease the
nonspecific adsorption of DNA onto the interface of nanoelectrode.

Scheme 1. Schematic illustration of
stepping gating of potassium ferricya-
nide transferring onto gold nanoelec-
trode interface by the hybridization of
DNA. The ssDNA layer in the nanoe-
lectrode block electron transfer be-
tween the potassium ferricyanide (Fe

capture probe
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2.5. Reaction between ssDNA-modified nanoelectrode and AuNPs-modified
DNA

Thiol-modified DNA was firstly treated with TCEP (1:30 in con-
centration) under 95 °C for 10 min. Then the annealed DNA was mixed
with 2.41 nM AuNPs (15 nm in diameter) under 4 °C for 7h. 100 mM
phosphate buffer (pH=7.4) and 2 M NaCl were added into the AuNPs
solution gradually to obtain DNA-AuNPs complex. After that ssDNA-
modified nanoelectrode was immersed into the DNA-AuNPs complex at
room temperature overnight.

3. Results and discussions
3.1. Characterization of gold nanoelectrode

The fabrication process of gold nanoelectrode was illustrated in
Fig. 1A. Typical three-step method was used to construct gold nanoe-
lectrodes with proper dimensions. To characterize the diameter of gold
nanoelectrode, we first used scanning electron microscopy (SEM) to
image the nanotip of nanoelectrode. The diameter of the gold nanoe-
lectrode can be as thin as ~70 nm, indicating that the gold wires could
be electrochemically etched as we expected (Fig. 1B). Then SEM and
transmission electron microscopy (TEM) were used to characterize the
insulation process of gold nanoelectrode. An approximate transparent
paint layer was observed on the interface of nanoelectrode with the
very nanotip exposed, which is similar to previous study (Liu et al.,
2015). This result indicated that the nanoelectrode was insulated by
cathodic electrophoretic paint electrochemically (Fig. 1C, Fig. S1A-C).
Also, we characterized the gold nanoelectrode in 0.05M H,SO,4. The
typical reductive peak of gold at ~0.85V was observed from the cyclic
voltammetry curve, indicating that the gold with nanotip was still ex-
posed after insulation as we expected (Fig. S2). Besides, the promi-
nently increased diameter after encapsulation with electrophoretic
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paint further suggested that the insulating layer was successfully de-
posited onto the interface of nanoelectrode (Fig. 1D, Fig. S1D).

Then we used cyclic voltammetry to characterize electrochemical
property of nanoelectrode with different diameters in 10 mM K3Fe(CN)g
containing 0.5M KCl. The uniform well-defined sigmoid-shaped vol-
tammograms with different limiting currents illustrated that all the
nanoelectrodes possessed excellent nonlinear diffusivity, which is the
unique electrochemical property of micro/nanoelectrode. Supposing
that the tip of the nanoelectrode is a hemispherical tip after insulation,
the radius of the nanoelectrode can be calculated by the diffusion-
limited steady-state current (Zoski and Mirkin, 2002):

i() = ZT[nFDCOrO

where i, is the steady-state limiting current for the reduction of KsFe
(CN)s, n is the number of electron which was transferred per molecule
(n = 1), Cy is the concentration of potassium ferricyanide (10 mM), D is
the diffusion coefficient of potassium ferricyanide (D= 7.2 x 10~ % cm?
s™Y), F is the Faraday's constant (F=96485C mol~1). Based on the
equation and cyclic voltammetry, the radius of the nanoelectrodes in-
creased along with the increased limiting current (from a to d, radius=
160 nm, 3.8 pm, 1.3 um, and 2.5 pm, respectively). And subsequently,
we selected nanoelectrodes with approximate uniform diameters
(~70nm) to evaluate the ion gating effect of ssDNA switch that an-
chored on the nanotip of nanoelectrode.

Next, we verified the stability of the encapsulated nanoelectrode by
scanning cyclic voltammetry curves in 10 mM K3Fe(CN)g containing
0.5 M KCl for multiple cycles. The approximate coincident curves for 70
scans indicated the admirable stability of the nanoelectrode (Fig. S3A).
Also, we scanned the nanoelectrode in buffers with different pH. Al-
though the curves obtained by different pH were discrepant, the curves
under the same pH buffer coincided very well, suggesting that the na-
noelectrode could maintain stability under certain condition (Fig. S3B).
Additionally, the excellent overlays of the cyclic voltammetry curves
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Fig. 1. The fabrication of gold nanoelectrode. A. Three steps (electrochemical etching, electrochemical deposition and heating) show the fabrication process of
nanoelectrode. B. SEM characterization of the nanoelectrode. C. TEM characterization of the insulated paint electrochemically deposited onto the interface of gold
nanoelectrode. D. Size distribution of gold nanoelectrodes without insulation. E. Cyclic voltammetry responses of nanoelectrode with different effective radius in

10 mM K3Fe(CN)g containing 0.5 M KCl, scan rate: 50 mv/s.
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Fig. 2. Ion gating effect on nanoelectrode. A. Chronoamperometry response of ion channels triggered by 10 pM complementary DNA in 0.5 M K3Fe(CN)¢, potential:
0.1V vs. Ag/AgCl. B. Square wave voltammetry response of ion channels triggered by complementary DNA of 1 nM.

scanned with different buffers further indicated the robust stability of
the nanoelectrode (Fig. S3C).

3.2. Stepping gating of ion channels on nanoelectrode

To evaluate the ion gating effect of ssDNA anchored on gold nanoe-
lectrode. Firstly, we recorded the real-time gating current response of
0.5M K3Fe(CN)g by chronoamperometry. The rapid increase of steady-
state current after the introduction of 10 pM complementary DNA in-
itiator indicated that the gate was switched on immediately. And the
switching on process was accomplished by the lying conformation of
ssDNA changing to upright orientation because of the Watson-Crick base
pairing (Fig. 2A), which simultaneously increased the probabilities that
K3Fe(CN)g contacted with the nanoelectrode interface. Besides, the ion
gating effect was also verified by electrochemical square wave voltam-
metry (SWV). After the initiation by complementary DNA, we observed
prominent increase of the current peak at the potential of ~0.25V
(Fig. 2B), indicating that more K3Fe(CN)g molecules contacted with the
nanoelectrode with the ion gates switching on. Then the switching on
mechanism was further verified by visually confirming the hybridization
between ssDNA and complementary DNA. To demonstrate the hy-
bridization, we modified the complementary DNA by AuNPs with the
diameter of 15nm. Characterized by SEM imaging, homogeneous dis-
tribution of AuNPs was observed on the interface of nanoelectrode when
initiated by complementary DNA (Fig. S4A). As a contrast, negligible
AuNPs was observed on the interface of nanoelectrode when triggered by
noncomplementary DNA. These results suggested that the ion gating
switches were initiated by the hybridization between DNAs (Fig. S4B).

Next, we used cyclic voltammetry to verify the stepping regulation of
the gate. To verify the stepping gating effect, we triggered the ion channels
that anchored on the same single nanoelectrode by introducing DNA of
gradually increased concentrations. The gradient increased limiting cur-
rents when triggered by complementary DNA of increased concentrations
suggested that the ion gates were switched on step by step (Fig. 3B). Si-
milarly, when interrogated by SWV, gradient increase of the peak current
at the potential of ~0.25V further indicated the stepping gating capability
of ion channels on nanoelectrode (Fig. 3C). Then, we evaluated the re-
sponse kinetics of the ion gating system. Defining the signal steady-state
time is the ion channel response time, we found that the switching kinetics
of the ion channel could be as fast as ~1 min. This result indicated that the
ion channel could be triggered rapidly and in real-time due to the fast
mass-transfer property of the nanoelectrode (Fig. 3D).

3.3. Label-free DNA detection by ion gating system

To achieve the label-free DNA detection, we first verified the specifi-
city of the ion gating system by introducing random DNA sequences (Oligo
5). When triggering the ion channels by complementary DNA strands of
10 pM, we observed approximated ~350% signal increase of the ion
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gating system on nanoelectrode. However, negligible signal change was
obtained when the ion channels were triggered by the noncomplementary
DNA of 10 nM, the concentration of which was 1000-fold higher than that
of complementary DNA. And such ignorable signal change was approxi-
mately equivalent to the background signal variation. These results in-
dicated that the gating system on nanoelectrode showed high specificity to
exogenous stimulation (Fig. 4A). Further, the specificity of the ion gating
system was confirmed by the hybridization between ssDNA and AuNPs-
modified DNA. The number of AuNPs on nanoelectrode that triggered by
AuNPs-modified complementary DNA was prominent more than that
triggered by noncomplementary DNA. These results further illustrated the
high specificity of the ion gating system (Fig. S4).

Then we verified the regeneration capability of the ion gating system.
Using the property of DNA untwisting when challenged with low-salt buffer
or Milli-Q water, we recovered the ion gating system by simply immersing
the ion channel-contained nanoelectrode that under on states in Milli-Q
water overnight. The approximate equivalent signal variation (~573%
signal increase for the first cycle and ~548% signal increase for the second
cycle) during the two OFF/ON switching cycles indicated that the ion gating
system was quite stable with excellent reproducibility (Fig. 4B).

Having confirmed the excellent sensing property of the ion gating
system on nanoelectrode, such as fast response kinetics, high specificity
and stable reproducibility, we finally used the ion gating system to detect
label-free DNA. Using SWV to interrogate the determination, we found
that the peak current increased along with the increased concentration of
the label-free DNA. And the signal obtained saturation until the all the
ionic gates on the interface of nanoelectrode were switched on with the
maximum concentration of label-free DNA of 1nM (Fig. 4C). And the
limit of detection for label-free DNA could be as low as 10 pM which is
lower than previous report, the limit of detection of which was 1 nM (Liu
et al., 2010), achieving the excellent label-free DNA sensing examination.

4. Conclusions

In summary, we demonstrated a stepping ion gating system on a
single gold nanoelectrode by anchoring ssDNA on the very nanotip of
the nanoelectrode. By continuously triggering the ion channels with
different concentration DNA, we achieved the stepping gating of the ion
channels on the same single nanoelectrode. Furthermore, the ion gating
system constructed on nanoelectrode showed fast response kinetics
with the response time less than 1 min. Also, simultaneously, the re-
producibility was robust enough to sustain for two cyclic OFF/ON
switches. Besides, the specificity of the ion switch was very high which
could distinguish complementary DNA and noncomplementary DNA.
Using the ion gating system on nanoelectrode with excellent sensing
property, we achieved the label-free DNA detection with the limit of
detection of 10 pM. This study provides a prospective approach for
achieving label-free detection for multiplex targets including small
molecules and proteins by changing the tethered DNA to an aptamer.
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Fig. 4. A. Specificity characterization of the ion gating system on nanoelectrode using SWV by introducing of noncomplementary DNA. The concentration of
complementary DNA and noncomplementary DNA were 10 pM and 10 nM respectively. B. The regeneration capability of the ion gating system for two cycles. C.
Titration curve for label-free DNA detection with the limit of detection of 10 pM.
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