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In this article we report the application of non-Faradaic mode of electrochemical impedance spectroscopy (EIS)
for determination of potassium ion (K™) concentration using a guanine rich K*-selective aptasensor (K-
aptasensor). This is a simple, electroactive probe free, sensitive and reproducible method allowing determination
of K™ ion concentration without any disturbance from electroactive probes used in similar works based on the
Faradaic EIS method. Herein, a wide linear range of K™ ion concentrations (1 pM-0.1 mM) with a 200 nM limit
of detection was achieved which is better than most of the previously reported Faradaic biosensing methods.

i:{::;?;r The proposed method maintains valuable applications when it is used for K determination in the presence of
Aptamer potentially important interferences in biological media. Thus, application of the non-Faradaic EIS method for
Impedance sensing the concentration of K ion with the presented K™ -aptasensor can find an important role in clinical
Biosensor assay.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction interfaces [4,10-12]. It is reported that, in the presence of metal ions, a

Determination of metal ion concentration in environmental and
physiological media has attracted enormous attention in the fields of
chemical and electrochemical sensing [1,2]. Among them, potassium
ion (K*) plays an essential role in biological functions, including blood
pressure regulation, transmission of nerve impulses, proper digestion,
and enzyme activation [3-5]. The anomalous K™ concentrations are
side effects of or caused some diseases such as kidney diseases, alcohol-
ism, anorexia, bulimia, heart disease, and diabetes. Development of sen-
sors for detection of K™ ion in physiological environment is one of the
most important issues in biomedical diagnosis. The presence of sodium
ion (Na™) in excess concentrations along with K* in physiological envi-
ronment makes it necessary to develop new strategies for detection of
K™ ions. In previous studies, aptamer based sensors, which are artificial
single-stranded RNA or DNA molecules that can specifically tie to cer-
tain target molecules such as metal ions, small molecules, proteins,
cells, and even tissues, were utilized to actuate their target molecules
with high affinity and specificity. Modification of the electrode surface
using thiolated molecules, self-assembled monolayers or SAMs, is a
well-known method to design nano-reactor sites and sensing interfaces
[6-9]. Among them, biological elements such as DNA and RNA mole-
cules play a critical role for fabrication of the sensing and diagnostic
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single-stranded DNA with guanine (G)-rich sequences can fold into spe-
cific four-stranded helical conformations which are known as the G-
quadruplex structure [3]. There is a channel at G-quadruplex center
which its size is equal to the size of the K™ ion. Among all alkali cations,
only K™ can be located in this cavity by binding to eight oxygen atoms
from the G-tetrads because of its highest efficiency. A number of
aptasensors have been constructed based on the G-quadruplex. Among
these aptasensors, some have been reported for K+ detection based on dif-
ferent strategies, including ion chromatography, fluorometric, colorimetric,
flame atomic absorption spectrometry and electrochemical methods [3,5,
11]. Electrochemistry has been widely employed and has been considered
to play a very important role in future research due to its high sensitivity,
fast response, simple application, low operation cost, and portability.
Electrochemical impedance spectroscopy (EIS) is a powerful tech-
nique to monitor the events occurring on the electrode-electrolyte in-
terfaces; therefore it can be advantageous in analytical methods for
analyzing the species concentrations [7,12]. In brief, EIS measurements
can be performed in two ways: Faradaic EIS and non-Faradaic method.
Faradaic impedance measurements were usually carried out by using
areversible redox probe while non-Faradaic impedance measurements
are done without using any redox probe [13]. In a non-Faradaic sensor,
the capacitance of the electrode-electrolyte interface can be considered
as the main indicator of interaction between aptamer and K* ions [14].
Herein, we presented an easy and facile way to determine the K™ ion
concentration. Conversely to other previously reported works for
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determination of K* by using Faradaic electrochemical impedance
spectroscopy, we for the first time employ the non-Faradaic method
to probe the K concentration changes. In this simple, sensitive and
noninvasive method, a selective K™ -aptamer was utilized as a biological
sensing element and as a detection tool. To seek this thought, a thiolated
aptamer was immobilized on the electrode surface by a self assembly
method. In fact, adding K™ ion to the solution makes changes in the
structure of aptamer self-assembled monolayers (SAMs) from random
coil into a G-quadruplex to form a cavity with the ionic radius size of
K™. In fact, upon adding K*, the K™ -aptamer complex was formed lead-
ing to a change in the interfacial capacitance of electrode surface which
can be estimated by the EIS method. Our results confirmed a good linear
range within 0.1 uM to 0.1 mM for detection of K* with a detection limit
of 200 nM.

2. Experimental
2.1. Chemicals and apparatus

The sequence of the single strand oligonucleotide employed (5'-
TITGGTTGGTGTGGTTGGTTT-3'-(CH;,)s-SH) was purchased from
Bioron company. Tris-(2-carboxyethyl) phosphine hydrochloride
(TCEP) was obtained from Sigma-Aldrich to prepare Tris buffer solution
(TBS). All other reagents were of analytical reagent grade. All solutions
were prepared with doubly distilled water.

A Zahner/Zennium Potentiostat—Galvanostat was used for all electro-
chemical measurements. All experiments were performed using a con-
ventional three electrode-system. A 0.0314 cm? gold electrode modified
with the thiolated aptamer, a platinum wire and an Ag/AgCl sat'd KCl
were used as working, counter and reference electrodes, respectively.

2.2. Aptasensor fabrication

Firstly, the gold electrode was carefully polished with 0.3 and
0.05 um Alumina to have a mirror like finish. Then, the electrode was
sonicated in ethanol-water solution at least for 10 min to remove any
physically adsorbed particles. The cleansed electrode was introduced
in a three electrode cell containing 0.5 M of H,SO,4 and subjected to suc-
cessive cyclic voltammetry within — 0.5 to 1.5 V vs reference electrode
to obtain a reproducible voltammogram.

In the next step, the gold electrode was washed thoroughly with
doubly distilled water and immersed in a 0.1 M TBS containing
thiolated-aptamer for at least 2 days. Also, to ensure the full blocking
of the electrode surface by SAMs, the aptamer modified electrode was
immersed in a solution of 2-mercaptohexanol for 10 min, in which
mercaptohexanol chains cover the unmodified regions between
aptamer chains at the electrode surface.

3. Results and discussion
3.1. Performance of the aptasensor

Sensing mechanism of the proposed K "-aptasensor has been report-
ed in the literature [3,4]. In the absence of potassium, the K -aptamer
SAMs with multiple guanine-rich segments exhibit a random-coil struc-
ture. Upon introducing the modified electrode into a solution containing
K™ ions, the K™ -aptamer SAMs will fold into the G-quadruplex form and
a cavity with an equivalent size to K™ ion is created. During the confor-
mational changes, interfacial capacitance was changed and non-
Faradaic EIS was applied to determine the concentration of K* ion
based on the equivalent circuit analysis and complex nonlinear least
square method. Thus, all the EIS experiments were performed by apply-
ing a bias potential selected in the non-Faradaic or double layer region
to avoid any Faradaic current in the EIS responses. The interfacial capac-
itance depends on the nature of the modified layer on the electrode sur-
face; its thickness and electrolyte concentration. When K™ is added,

conformational changes result in the change of the thickness of the in-
terface in addition to the changes in the dielectric of the modified
layer depending on the amount of incorporated K™ ions.

In this report, we introduce the ability of monitoring the capacitance
changes as sensing signal in the non-Faradaic EIS method. The possibil-
ity of using no redox probe such as potassium Ferro/Ferricyanide in high
concentration is a very important advantage of the non-Faradaic EIS ap-
proach, since the complexity of the electrochemical system will be re-
duced. Firstly, to find the optimum potential range in which the EIS
results can be gathered; cyclic voltammograms of the electrochemical
system were recorded in the different potential windows. It should be
mentioned that the EIS bias potential was chosen in a current region
in which no Faradaic processes can be observed. It was found that
there is insignificant Faradaic current in the potential range of
—0.25 Vto +0.25 V vs Ag/AgCl for the modified electrode (shown as
Fig. S-1, supplementary information).

It is well-known that by immersing the K™ -aptasensor electrode in
an electrolyte solution containing K™ ions; opposite charges will accu-
mulate near the electrode surface to form the double layer capacitor.
After conditioning the aptasensor with a specific concentration of K™
ion, it was washed thoroughly with distilled water to remove any phys-
ically adsorbed ions; then it was introduced to electrochemical cell con-
taining only TBS. Also, to check the next concentration of K™ ion it is
necessary to regenerate the modified electrode after interaction with a
specified concentration of K* ion. Fig. 1A and B depicts the EIS signal
changes by conditioning the aptasensor in K* ion solution with differ-
ent concentrations and the corresponding calibration curve obtained
by plotting relative change in interfacial capacitance against concentra-
tion. Table 1 shows the electrical parameter obtained by equivalent cir-
cuit analysis of EIS experimental results. A simple parallel RC loop in
series with solution resistance was used to fit the EIS results. A constant
phase element (CPE) was used instead of ideal capacitor in equivalent cir-
cuit analysis. A wide dynamic linear range of K™ ion concentrations
(1 uM-0.1 mM) with a 200 nM limit of detection was achieved from
Fig. 1B, according to the following equation:

Lop = 2%
m

where oy, refers to the standard deviation of blank sample and m is the an-
alytical sensitivity of the calibration curve plotted.

To examine the practical ability of the aptasensor for successive
complexation-regeneration (through breaking down the complex of
the aptamer-K* in a hydrochloric acid media), corresponding EIS signal
was monitored for at least 10 times of aptamer-K™ formation and re-
generation of K free aptamer. To achieve this purpose, the modified
electrode was immersed in HCI solution (0.1 M) and was kept under
stirring for 1 h to regenerate the biosensor. After 10 times of regenera-
tion and analysis cycles of K*, the electrochemical signal was changed
less than 5%. Thus, it can be concluded that the transition between the
random coil and G-quadruplex forms is relatively dynamic.

3.2. Selectivity, stability and practical application of K *-aptasensor

In order to investigate the selectivity and stability of the K'-
aptasensor, the electrochemical responses of the biosensor were deter-
mined in the presence of some of the interfering metal ions including
Mg?*, Ca?*, and Na™ at concentrations 1000 times higher than the
upper limit of the linear concentration range recorded for K*. As seen
in Fig. 2A, in the presence of the aforementioned cations, there is no se-
vere problem for determination of potassium concentration within the
concentration range of 1 uM to 0.1 mM (less than 7% interference ob-
served by fitting to the proposed equivalent circuit). Additionally, the
present aptasensor shows good selectivity for K™ determination even
in the presence of high concentration of Na* (up to 0.5 M), one of the
most serious interferences in biological samples. It should be considered
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Fig. 1. A) Nyquist diagrams representing the corresponding signal changes by condition-
ing the aptasensor in K* ion solution with different concentrations, and B) typical calibra-
tion curve obtained by plotting relative change in interfacial capacitance against
concentration for K*-aptasensor.

that the amount of K™ ions is one of the important indicators of some
kidney diseases. To check the ability of the proposed K*-aptasensor in
physiological conditions; a simulated physiological solution was pre-
pared and the K™ ion assay was carried out by applying the aptasensor.
The physiological solution consists of Na* (1 mM), Mg (2 x 107> M)
and Ca (2 x 107> M) and in this case, reasonable results were achieved
(Fig. 2B). We also examined the K*-aptasensor in a real physiological
sample, serum plasma, after carful pretreatment of the sample. Our

Table 1

Electrical parameters for K+--aptasensor obtained by fitting EIS experimental data to a
simple series of solution resistance to a parallel RC equivalent circuit (CPE employed in-
stead of ideal capacitor).

Conc./mM Cai/UF n %AC/C
0.001 0475 0.98 0.84
0.004 0.472 0.98 1.46
0.010 0.468 0.98 2.30
0.020 0.462 0.98 3.55
0.040 0.449 0.98 6.26
0.060 0.440 0.98 8.14
0.100 0.421 0.98 12.11

2 AlLEIS plots were modeled by CPE elements instead of ideal Cy,. However, deviations
from ideal capacitor were insignificant and all CPE exponents were nearly 0.98 in all cases.
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Fig. 2. A) Nyquist plots recorded for K" -aptasensor in the absence and presence of inter-
fering metal ions (Mg ", Ca?", and Na™) at concentrations 1000 times higher than the K
ion concentration, and B) Nyquist plots comparing the aptasensor response to a pure K*
solution and a simulated physiological solution (real sample) including the same K* con-
centration by applying the K™ -aptasensor.

observation revealed that the level of error by the matrix of real sample
was less than 10%.

To check the stability of the aptasensor, electrochemical results were
collected after one month of application-regeneration of the biosensor.
It was found that the aptasensor preserves its ability to determine the
potassium concentration very close to the initial responses, even in
the presence of high concentration of interferences. Also, as mentioned
above, it maintains its initial analytical merits with a RSD of less than
5.0%. Thus, the non-Faradaic EIS method used for determination of K*
concentration can be considered as a low price and facile method in
clinical applications.

4. Conclusions

A G-rich DNA aptamer was used as a recognition element for potas-
sium ions. A simple, sensitive and reproducible aptasensor was devel-
oped for the K* ion assay by applying non-Faradaic EIS. Using the
non-Faradaic EIS method a linear range of K™ ion concentrations
(1 1M to 0.1 m) with a 200 nM limit of detection was achieved. Non-
Faradaic EIS can be performed without adding any redox probes
which is one of the important and beneficial features of this aptasensor
which offers some superiority over the limited similar works using the
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Faradaic EIS method. The proposed non-Faradaic EIS method is still
being developed to extend its potential application in clinical assay
and improve its sensitivity and precision.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.msec.2015.03.058.
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