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An electrochemical biosensor for potassium has been developed combining specific potassium—-aptamer
binding and RecJs exonuclease mediated signal amplification. Generally, the DNA probe with a stem-
loop structure containing an anti-K* aptamer sequence is designed and modified on a gold electrode. K*
can specifically bind to the aptamer and a G-quadruplex structure forms, which breaks the original
stem-loop structure. The induced single-stranded 5 end can be further digested by RecJ; exonuclease,
releasing K* which can bind to another DNA probe on the electrode. After cycles of RecJ; exonuclease
cleavage initiated by K*, the electrochemical signal intensity is significantly decreased, and can be used
to determine the concentration of K*. This aptasensor shows high sensitivity, selectivity as well as
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Introduction

Potassium is one of the essential elements in living organisms,
which plays important roles in the cardiovascular system, nerve
transmission, muscular strength maintenance and so on.'?
Abnormal K' levels can be observed as a symptom of many
diseases including diabetes, cancer, alcoholism and cardiovas-
cular diseases.>”® Therefore, accurately monitoring the potas-
sium level is crucial for clinical analysis.

Recently, a diversity of analytical methods, such as atomic
absorption spectroscopy (AAS), inductively coupled plasma-
mass spectrometry (ICP-MS), capillary electrophoresis, and
fluoroionophore based sensing,’® have been reported for the
detection of K'. Nevertheless, there are still problems to be
solved. Most of the above mentioned methods require sophis-
ticated instrumentation, some are tedious with complicated
laboratory procedures, and some may suffer disadvantages of
low sensitivity and a narrow detection range. Thereby, devel-
oping simple and sensitive detection methods is still highly
desired.

Aptamers are artificial single-stranded DNA or RNA mole-
cules that are able to target various analytes with high affinity
and specificity.>'® Generally, they are selected through system-
atic evolution of ligands by exponential enrichment (SELEX).
Owing to the unique properties of oligonucleotides, aptamers
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exhibit several advantages over other ligands including anti-
bodies. In vitro synthesis and modification of aptamers are easy
and cost-effective. The binding affinities with different targets
are usually much high and aptamers are thermally stable.
Therefore, aptamers have been broadly used in the fabrication
of biosensors for the detection of small molecules, proteins and
even whole cells.*** Moreover, they can also be used as thera-
peutic agents since they have little or no immunogenicity.**

In this work, we have developed an electrochemical apta-
sensor for detection of K' ions. Electrochemical methods have
many merits such as high sensitivity, low cost, ease of signal
quantification and so on,” " which may overcome certain
disadvantages of currently used K' assays mentioned above.
The designed procedure of the aptasensor is depicted in
Scheme 1. A DNA probe with a stem-loop structure containing
an anti-K" aptamer sequence is synthesized. The 3’ end thiol
group of the DNA probe helps the immobilization on the gold
electrode surface' and the 5 end methylene blue (MB)
provides significant electrochemical signals.® K' is capable of
promoting the transformation of the guanine (G)-rich single-
stranded aptamer to the G-quadruplex via intramolecular
hydrogen bonding.** Thus, the stem part of the DNA is broken,
releasing the single-stranded 5’ end. Since RecJ; is a single-
stranded DNA specific exonuclease, the DNA can be digested
with the K'-assisted conformational switch. During the cleavage
process, K' is released back to the solution and can be recog-
nized by another DNA probe on the electrode, which initiates a
new cycle of RecJ; exonuclease cleavage. Due to the departure of
a large number of MB molecules, significant decrease of the
electrochemical signals can be observed. By taking advantage of
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Scheme 1 lllustration of the aptasensor for K* with RecJ; exonuclease
mediated signal amplification.

specific potassium-aptamer binding and Rec]; exonuclease
mediated signal amplification, sensitive and selective detection
of K" can be achieved.

Experimental
Reagents and chemicals

RecJ; exonuclease was obtained from New England Biolabs Ltd
(Beijing, China). Hexaammineruthenium(im) chloride
([Ru(NH3)s’"),  tris(2-carboxyethyl)phosphine  hydrochloride
(TCEP) and mercaptohexanol (MCH) were purchased from Sigma-
Aldrich (USA). A 100 bp DNA ladder was supplied by TIANGEN
Biotech Co., Ltd (Beijing, China). Other reagents were of analytical
reagent grade and used as received. Human urine and serum
samples were from healthy individuals. DNA oligonucleotides
modified with thiol groups and MB were synthesized and purified
by Sangon Biotech Co., Ltd (Shanghai, China). The sequence was
5'-MB-AAAGGTTGGTGTGGTTGGAACCTTT-(CH,);-SH-3'. The
italic part is the aptamer sequence specific for potassium ions*
and the underlined parts are complementary sequences which
could help in the formation of the stem-loop structure. All the
solutions were prepared with ultrapure water that was purified
with a Milli-Q purification system (Branstead, USA).

Preparation of the DNA modified electrode

Prior to the modification, the substrate gold electrode was firstly
incubated in piranha solution (98% H,S0,-30% H,0, = 3:1)
for 5 min to eliminate any adsorbed materials (Caution: piranha
solution reacts violently with organic matter). The electrode was
then abraded with sand paper and polished with alumina
powder (Al,Os) of different sizes (1.0, 0.3, and 0.05 pm) to mirror
smoothness. Afterward, it was sonicated for 5 min in ethanol
and water, respectively. The electrode was further soaked in
50% nitric acid for 30 min and then electrochemically cleaned
in 0.5 M H,SO, with scanning between 0 and 1.6 V for 20 cycles.
The DNA probe was heated to 90 °C for 5 min and cooled slowly
to room temperature. The immobilization of the DNA with the
stem-loop structure on the gold electrode was achieved by
incubating the electrode in 2 uM DNA for 8 h. Subsequently, the
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electrode was treated with 1 mM MCH for 30 min to obtain a
well-aligned DNA monolayer.*

K'-assisted exonuclease cleavage

The DNA modified electrode was immersed in the mixture of K*
and RecJ; exonuclease solution (1 unit uL~*, 50 mM NaCl, 10
mM Tris-HCl, 10 mM MgCl,, 1 mM DTT, pH 7.9) at 37 °C for 1
h. The concentration of K" was from 50 nM to 1 mM. Afterward,
the reaction was terminated by heating to 65 °C for 20 min.

Electrochemical measurements

All electrochemical experiments were conducted using a
CHI660D workstation (CH Instruments, Shanghai, China) at
room temperature (25 + 2 °C). A conventional three-electrode
system was employed, which consisted of a platinum auxiliary
electrode, a saturated calomel reference electrode (SCE) and a
DNA modified gold electrode as the working electrode (¢ = 3
mm). Chronocoulometry (CC) was carried out in 10 mM Tris-
HCI with 50 uM [Ru(NH;)s]>* (pH 7.4). Electrochemical imped-
ance spectra (EIS) measurements were performed in 5 mM
Fe(CN),> ™~ with 1 M KNO;. Square wave voltammetry (SWV)
was conducted in 20 mM Tris-HCl (pH 7.5). Experimental
parameters were as follows: for CC, pulse period (250 ms); for
EIS, bias potential (0.204 V versus SCE), amplitude (5 mV), and
frequency range (1-100 000 Hz); for SWV, amplitude (25 mV),
step potential (4 mV), and frequency (50 Hz).

Gel electrophoresis assay

DNA samples before and after RecJr exonuclease cleavage were
also monitored for comparison by 4% agarose gel electropho-
resis for 30 min (120 V). The gel stained with ethidium bromide
was photographed under UV light by using a Gel Doc™ XR+
System (Bio-Rad, USA).

Results and discussion
Quantitation of DNA density on the electrode surface

Chronocoulometry is employed to provide the information of
DNA density on the electrode by detecting the electrochemical
signal of [Ru(NH;)s]*".>* As shown in Fig. 1, the chro-
nocoulometry curves before and after the DNA modification
are recorded. The accurate amount of [Ru(NH;)e]*" can be
obtained by referring to the Cottrell equation as indicated in our
previous work,> and the surface density of DNA is calculated to
be 9.3 + 0.4 pmol cm ™2,

Electrochemical characterization

The whole process of the proposed aptasensor including the
assembly of DNA on the electrode, the formation of a rigid G-
quadruplex with K* and RecJ; exonuclease cleavage can be
characterized by EIS (Fig. 2). As is well known, a larger semi-
circle diameter in an impedance spectrum usually indicates a
larger interfacial charge transfer resistance. It can be observed
that the bare gold electrode includes no semicircle domain
(curve A). After DNA modification, due to the negatively charged
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Fig. 1 (A) Chronocoulometry curves for the gold electrodes modified with MCH (bottom) and DNA before MCH (top). (B) Shows the chro-

nocoulometry curves of charge versus tV/2.
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Fig.2 Nyquist plots corresponding to (A) bare gold electrode, (B) DNA
modified electrode, (C) DNA modified electrode after incubation in
1 mM KCl for 1 h, and (D) DNA modified electrode after RecJ¢
exonuclease cleavage in the presence of 1 mM KCL.
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Fig. 3 Square wave voltammograms corresponding to (A) bare elec-
trode, (B) DNA modified electrode, and (C and D) after exonuclease
cleavage in the presence and absence of 1 mM K*.

This journal is © The Royal Society of Chemistry 2014

phosphate backbone that can electrostatically repel Fe(CN)s> /4™,
interfacial charge transfer is inhibited and the semicircle
increases significantly (curve B). As the positively charged K can
be encapsulated in the rigid G-quadruplex, the semicircle
decreases (curve C). After the RecJf exonuclease cleavage, the DNA
probes on the electrode are largely shortened and the repellency
effect declines sharply (curve D). The EIS results have confirmed
well the aptasensor mechanism.

In addition, the electrochemical properties of the modified
electrode are studied by SWV. As shown in Fig. 3, the bare
electrode displays no current peak. After DNA modification, the
attached MB molecules attribute to a peak at —0.32 V. In the
absence of K', Rec]J; exonuclease cannot effectively digest the
DNA probe on the electrode, and the peak is nearly unchanged.

100 bp
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1500- «
=
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Fig. 4 Agarose gel electrophoresis analysis: (A) DNA; (B) DNA digested
by RecJ; exonuclease without K*; (C) DNA and K*; (D) DNA digested by
RecJ; exonuclease in the presence of K* (DNA: 75 ng; RecJ; exonu-
clease: 15 unit; K*: 107® umol).
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Fig. 5 (A) Square wave voltammograms corresponding to the DNA modified electrode after RecJ; exonuclease cleavage in the presence of 50
nM, 100 nM, 1 pM, 10 pM, 100 puM, and 1 mM K* (from top to bottom). (B) Calibration curve of decreased peak current vs. logarithmic K*
concentration. The error bars represent standard deviations of three independent measurements.

However, K' helps the release of the single-stranded 5’ end
which is specific for RecJ; exonuclease and a significant
decrease of peak current is then induced.

Gel electrophoresis characterization

The oligonucleotide cleavage behaviour by Rec]s exonuclease
during the assay is also studied by gel electrophoretic analysis.
Since only one DNA probe is employed in the experiments,
agarose gel electrophoretic assay is performed, which is sensi-
tive enough to distinguish the cleavage behaviour. Lane A in
Fig. 4 is the DNA band without exonuclease cleavage. Lane B
and C show the bands of DNA mixed with K™ and Rec]J; exonu-
clease, respectively. However, after the incubation with both K*
and Rec]J; exonuclease, no DNA band can be observed (Lane D),
which suggests that the exonuclease cleavage reaction of the
stem-loop DNA occurs under a K™-assisted conformation switch.

Sensitivity and selectivity

The concentration of K' is quantified by measuring the elec-
trochemical signals of SWV experiments. As is expected, Fig. 5
shows that the increase in the concentration of K* results in the
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gradual reduction of the current peak. The decreased signal
intensity is linearly related to the logarithmic concentration of
K" in the range from 50 nM to 1 mM. The regression equation is
y = 7.21 + 0.96x, in which y is the decreased peak current, x is
the logarithmic concentration of K*, and R*> = 0.99. The detec-
tion limit of the measurements is calculated to be 50 nM (30).
The average coefficient of variation is 4.83%.

To evaluate the selectivity of the proposed aptasensor
strategy for K*, Na*, Ag", Ca®>*, Fe*", Fe’", Zn>*, AI>* have been
employed as the potential interference ions, each at the
concentration of 20 mM. Fig. 6 clearly shows that little change
of the current peak is observed with different interference ions
and a significant decrease can be observed only in the presence
of K'. These results confirm the excellent selectivity of this
aptasensor for K'.

Determination of K* in urine samples

The practicality of the proposed method in real samples is then
checked. Since K' levels in serum or urine are indicative infor-
mation for certain diseases and have clinical significances,*® we
detected the K' concentration in human urine and serum
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Fig. 6 Selectivity of the K* aptasensor against a range of other ions (20 mM). The concentration of K* is 1 mM.
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Table 1 Analytical results for K* detection in urine and serum samples
by the proposed aptasensor and AAS

Aptasensor AAS Added Found Recovery
Sample (mM) (mM) (mM) (mM) (%)
Urine 1 30.5 29.7 10 11.2 112
Urine 2 54.1 55.2 10 9.5 95
Urine 3 73.2 73.8 10 9.7 97
Serum 1 3.9 4.1 10 9.8 98
Serum 2 4.6 4.4 10 10.4 104
Serum 3 5.1 5.2 10 9.6 96

samples under the same detection procedure as described in
the aforementioned experiments. The samples were previously
filtered and diluted 100-fold before the measurements. As listed
in Table 1, the detection results by the proposed aptasensor are
compared with AAS results and show fairly good concordance.
Satisfactory recoveries are also achieved. The effectiveness of
the proposed method in real samples is thus well confirmed.

Conclusions

In conclusion, a simple, sensitive and selective electrochemical
aptasensor for K' is developed. The aptamer sequence within
the DNA probe is used as the recognition element and the stem-
loop structure is designed for the K'-assisted conformational
switch and the following Rec]Js exonuclease cleavage. A detection
limit as low as 50 nM is achieved. In addition, this aptasensor
shows little interference from other ions and good feasibility in
application in real samples, which is promising for broad
potential use in clinical applications.
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